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Editorial on the Research Topic
 Rapid screening for organic pollutants analysis in food




The global population is expected to reach at least 9 billion by the year 2050, requiring up to 70% more food and demanding food production systems and the food chain to become fully sustainable. Within this context, food safety must become an enabler of global food security (Fritsche, 2018). Food safety is closely related to people's health and the stability of the food market. Some of these hazards may include bacterial pathogens (Salmonella, Escherichia coli, etc.); physical contaminants, and adulterants (glass, metal, animal feces, etc.); naturally occurring toxicants (mycotoxins, alkaloids, lectins, etc.); agrochemical and veterinary drug residues, prions, and aflatoxins (Madilo et al., 2024). Hence, implementing reliable, effective, and rapid screening methods can ensure the accuracy of analytical results, improve the efficiency of analysis, and contribute to strengthening food safety supervision, thus promoting the sustainable development of the food system.

Lincomycin, a natural antibiotic, is widely used by animal and fishery husbandries to prevent infections and treat diseases. It endangers people's health when they eat food containing lincomycin residue, especially the frequent consumption of milk and chicken products containing lincomycin. Zhang et al. prepared lincomycin-imprinted silica nanoparticles according to boronate affinity-based template-immobilized surface imprinting. The prepared lincomycin-imprinted silica nanoparticles exhibited several significant results, such as good specificity, high binding capacity (19.45 mg/g), fast kinetics (6 min), and low binding pH (pH 5.0) toward lincomycin.

Pesticide is indispensable for modern agriculture. However, the improper and excessive use of pesticides results in residue in food and environment, which is a serious problem. First of all, sample pretreatment is an essential procedure in pesticide analysis, as the matrix effect can significantly influence the results. Huang et al. synthesized a covalent organic framework (COF) using 1,2,4,5-tetrakis-(4-formylphenyl)benzene and benzidine to mitigate the matrix effect in vegetable and fruit samples. This COF was then used to develop a solid-phase extraction method. In addition, the COF was used to create a magnetic COF (MCOF) for use in magnetic solid-phase extraction. The reuse test demonstrated that the synthesized COF and MCOF can be reused up to 15 times. Chen et al. developed a simple and sensitive fluoroimmunoassay (FIA) based on a nanobody-alkaline phosphatase fusion protein (VHHjd8-ALP) and blue-emissive carbon dots (bCDs) for the rapid detection of fenitrothion. Compared with the p-nitrophenylphosphate-based one-step conventional indirect competitive enzyme-linked immunoassay (icELISA), the developed FIA showed an 11-fold sensitivity improvement. Furthermore, the analysis period of FIA only takes ~55 min, which was obviously faster than that of the conventional icELISA.

Malachite green, a triphenylmethane dye, is used in the aquaculture industry as a disinfectant and insect repellent due to its potent bactericidal and pesticidal properties. However, its use poses potential environmental and health risks. Wu et al. analyzed and designed two haptens using computer simulation. Serum data confirmed the feasibility of introducing an arm at the dimethylamine group. Subsequently, a highly selective monoclonal antibody strain was successfully prepared based on the hapten.

Ma et al. reported an effective electrochemical sensor for simultaneous detection of ascorbic acid and dopamine by using Co-modified MCM-41 as the electrocatalytic material. And this work has important implications for the construction of methods for detecting low-molecule organic pollutants in food.

Millet is one of the major coarse grain crops in China. Its geographical origin and Fusarium fungal contamination with ergosterol and deoxynivalenol have a direct impact on food quality. Six hundred millet samples were collected from 12 production areas in China, and traditional algorithms such as random forest and support vector machine were selected to compare with the deep learning models for the prediction of millet geographical origin and toxin content. Nie et al. firstly develops a deep learning model (wavelet transformation-attention mechanism long short-term memory, WT-ALSTM) by combining hyperspectral imaging to achieve the best prediction effect, the wavelet transformation algorithm effectively eliminates noise in the spectral data, while the attention mechanism module improves the interpretability of the prediction model by selecting spectral feature bands.

Rapid assessment and prevention of diseases caused by foodborne pathogens is one of the existing food safety regulatory issues faced by various countries, and it has received wide attention from all sectors of society. Dong et al. summarized the recent advances in foodborne pathogen detection using photoelectrochemical biosensors from photoactive material to sensing strategy.

Per- and polyfluoroalkyl substances (PFAS) are a group of persistent organic pollutants which pose significant risks to human health and the environment. Senovilla-Herrero et al. comprehensively examines the implications of new legislation concerning PFAS for food sustainability.

Phthalic acid esters (PAEs) are often added to plastics to enhance elasticity, transparency, durability and prolong service life as a kind of plasticizer. However, it is easy to be released into the environment and enter the human body from various potential sources. Zhang et al. introduced the recent advancements and trends in optical sensors for detection of PAEs represented by colorimetric sensors, fluorescence sensors and surface-enhanced Raman scattering platform.

This Research Topic will provide an overview of the present scenario on food safety and potential adaptation in response to the global food safety.
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Background: Lincomycin, a natural antibiotic, is widely used by animal and fishery husbandries to prevent infections and treat diseases. It endangers people’s health when they eat foods containing lincomycin residue, especially the frequent consumption of milk and chicken products containing lincomycin. Hence, it is extremely important to evaluate the content of lincomycin in food samples. However, a direct analysis of lincomycin in milk and chicken is quite difficult because of its very low concentration level and the presence of undesirable matrix effects. Therefore, selective and efficient extraction of lincomycin from complex food samples prior to its quantification is required.

Results: In this study, lincomycin-imprinted silica nanoparticles were prepared according to boronate affinity-based template-immobilized surface imprinting. Silica nanoparticles and boronic acid ligands 3-fluoro-4-formylphenylboronic acid were used as supporting materials and functional monomers, respectively. The prepared lincomycin-imprinted silica nanoparticles exhibited several significant results, such as good specificity, high binding capacity (19.45 mg/g), fast kinetics (6 min), and low binding pH (pH 5.0) toward lincomycin. The reproducibility of lincomycin-imprinted silica nanoparticles was satisfactory. The lincomycin-imprinted silica nanoparticles could still be reused after seven adsorption–desorption cycles, which indicated high chemical stability. In addition, the recoveries of the proposed method for lincomycin at three spiked levels of analysis in milk and chicken were 93.3–103.3% and 90.0–100.0%, respectively.

Conclusion: The prepared lincomycin-imprinted silica nanoparticles are feasible for the recognition of target lincomycin with low concentrations in real food samples such as milk and chicken. Our approach makes sample pre-preparation simple, fast, selective, and efficient.

KEYWORDS
 boronate affinity, lincomycin, template-immobilized surface imprinting, milk, chicken, silica nanoparticles


1 Introduction

Antimicrobial agents are widely used to prevent and treat diseases and promote growth in animal husbandry (Ding et al., 2021; Khafi et al., 2023). However, food safety issue by veterinary drug residues has become a worldwide public health concern. As a lincosamide antibiotic, lincomycin (Lin) is widely used in human and veterinary medicine due to its excellent antibacterial effect (Dasenaki and Thomaidis, 2015; Koike et al., 2021). Meanwhile, Lin is also used in association with other antimicrobial drugs to treat livestock infections caused by Bacteroides fragilis, as well as diseases of the respiratory tract in different animal species (Maddaleno et al., 2019). However, it also has an adverse impact on human products and life because of the irrational use of Lin. Antibiotic residues may lead to disturbances in ecological functions and promote the development and distribution of resistant genes, which pose a potential risk to the environment (Bengtsson-Palme and Larsson, 2016; Andrade et al., 2020). Among the most important effects of Lin getting released into the environment are the transfer of Lin-resistant genes (LRGs) and the alteration of the microbial community, such as the impact on food safety and human health due to crop plant uptake (Mehrtens et al., 2021). It affects people’s health when they eat foods containing Lin residue, especially the frequent consumption of milk and chicken products containing Lin. The acceptable maximum residual level (MRL) of Lin in milk and chicken was set at 150 and 200 μg kg−1 by the Codex Alimentarius Commission and the European Union, respectively (Du et al., 2019). Therefore, it is important to have in place an efficient way to evaluate the levels of Lin in animal-derived food samples such as milk and chicken.

Thus far, a variety of analytical methods have been used to evaluate Lin in different real samples including GC–MS (Tao et al., 2011), LC–MS (Khadim et al., 2023), LC–MS/MS (Fernandes-Cunha et al., 2015; Maddaleno et al., 2019; Du et al., 2021; Li et al., 2021), and immunoassay (Zhou et al., 2014; Cao et al., 2015). Although these methods have many advantages, especially good sensitivity and accuracy, most of them suffer from several drawbacks, such as costly instruments, complicated sample preparation, long time consumption, and poor storage stability. This compels the need for a simple, fast, and sensitive quantitative method that absorbs Lin in food samples. However, the low content of Lin and high content of complex interfering substances add to the difficulty and challenges in the direct determination of Lin in food samples using UV detection. Therefore, an efficient sample pre-preparation prior to detection becomes very necessary, including separation and enrichment of Lin in food samples.

Molecularly imprinted polymers (MIPs) have been used as efficient solid phase extraction (SPE) adsorbents on account of their high specificity, easy preparation, low cost, and good physicochemical stability (Vlatakis et al., 1993; Li et al., 2015; Hao et al., 2016). To the best of our knowledge, although there are several reports on the preparation of MIPs for Lin to date (Li et al., 2017; Zhang et al., 2019; Dong et al., 2020), the molecular imprinting used in these studies was performed through a one-pot process. In fact, such an imprinting methodology is bulk imprinting in essence because the thickness of the imprinted coating cannot be calibrated to the size of the template, which thereby greatly affects the imprinting effect. To address these issues, the template-immobilized surface imprinting approach (Li et al., 2015; Hao et al., 2016; Zhang et al., 2022) should be used to prepare imprinting coating on the surface of silica because it can be adjusted to the size of the template effectively. This method of surface imprinting offers several advantages, including easy template removal, high binding capacity, and fast mass transfer. Recently, we used boronate affinity-based oriented surface imprinting to prepare chlorogenic acid-imprinted magnetic nanomaterials and catecholamine-imprinted magnetic nanomaterials, which were applied, respectively, for the selective recognition of chlorogenic acid in fruit juices and for trace analysis of catecholamine in human urine (Li et al., 2020; Li P. et al., 2022). However, the binding capacity of the above imprinted magnetic nanomaterials was relatively low. In addition, this kind of template-immobilized surface imprinting has not been used to develop MIPs for Lin for food safety in previous reports. The pesticide residue of Lin is one of the most important food safety concerns. In this study, a novel boronic acid ligand, FFPBA, has been used for the first time as a functional monomer, and its pKa value has also been measured for the first time. Although boronic acid functionalized magnetic nanoparticles (MNP) were developed for highly efficient capture of lincomycin (Zhang et al., 2023), the selective ability of the boronic acid functionalized magnetic nanoparticles for Lin was weak due to the absence of an imprinting site. To improve its selectivity and binding, boronate affinity-based imprinted nanoparticles specific to Lin were prepared.

In the template-immobilized surface imprinting strategy, template immobilization and removal are the key steps. Fortunately, Lin has a cis-diols structure; boronate affinity materials can covalently bind compounds with cis-diol at high pH values, and boronate esters can dissociate at relatively low pH values under mild ambient conditions (Liu et al., 2012; Qu et al., 2012; Li D. et al., 2022). In addition, 3-fluoro-4-formylphenylboronic acid (FFPBA) has been used for the first time as boronic acid ligands to immobilize and imprint Lin. Silica nanoparticles (SiO2), due to their good biocompatibility, low toxicity, easy post-modification, high yield synthesis, and easy preparation, can be used successfully as solid substrates (He et al., 2010; Lin et al., 2012; Arabi et al., 2016). Therefore, high-density boronic acid ligands can be formed on the surface of SiO2 by post-modification reactions. Furthermore, the imprinted coating is important for the binding properties of the imprinted materials. The poly (2-anilinoethanol) with a more hydrophilic domain can be used as a good imprinting coating.

In this study, we attempted to prepare novel Lin-imprinted silica nanoparticles (Lin-imprinted SiO2@APTES@FFPBA) using a boronate affinity-based template-immobilized surface imprinting approach. As depicted in Figure 1, the imprinting process included three steps. First, Lin was immobilized onto FFPBA-functionalized SiO2 (SiO2@APTES@FFPBA) through boronate affinity interaction. Then, the 2-anilinoethanol was self-polymerized on the surface of SiO2@APTES@FFPBA to form an imprinting coating with appropriate thickness. Generally, the thickness of the imprinting coating should be adjusted to 1/3 to 2/3 of the molecular size of the template in one of the three dimensions. Finally, the Lin template was removed by an acidic solution with SDS to form the MIPs with an imprinting cavity containing FFPBA. Because the obtained imprinting coating could cover excessive binding sites, non-specific adsorption could be effectively eliminated. The prepared Lin-imprinted SiO2@APTES@FFPBA exhibited several significant advantages, such as good specificity, high binding capacity, fast kinetics, and low binding pH toward Lin. In addition, the recoveries of the proposed method for Lin at three spiked levels of analysis in milk and chicken were 95.3–102.7% and 96.8–104.5%, respectively, which indicated the successful detection of Lin in real samples.

[image: Figure 1]

FIGURE 1
 The formation mechanism of Lin-imprinted silica nanoparticles by boronate affinity-based template-immobilized surface imprinting.




2 Experimental materials and methods


2.1 Materials

Adenosine (A), deoxyadenosine (DA), guanosine (G), 2’-O-methylguanosine (Gm), dopamine (Dop), rutin (Rut), quercertin (Que), Baicalein (Bai), Vitamin b12, genistein (Gen), kaempferol (Kae), Lin, desonide (Des), 2-anilinoethanol, tetraethoxysilane (TEOS), (3-amino-propyl) triethoxysilane (APTES), ammonium persulfate (APS), FFPBA, Sodium cyanoborohydride, and anhydrous methanol were purchased from J&K Scientific Ltd. (Shanghai, China). All other reagents were of analytical grade or above and used without further treatment.



2.2 Instruments

Transmission electron microscopy (TEM) characterization was performed on a JEM-1010 system (JEOL, Tokyo, Japan). UV absorbance and the adsorption isotherm measurements were carried out using a U-3010 UV spectrophotometer equipped with a 1-cm cuvette (Kyoto, Japan). The X-ray photoelectron spectroscopy (XPS) was performed with an ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo, USA) with Al Kα radiation (hv = 1486.6 eV). The instrument was calibrated against the C1s band at 284.8 eV. Powder X-ray diffraction (XRD) analyses were carried out using a Bruker D8 Advance diffractometer with Cu Kα radiation, and the scanning angle ranged from 10° to 80° of 2θ.



2.3 Preparation of FFPBA-functionalized silica nanoparticles (SiO2@APTES@FFPBA)

FFPBA-functionalized MNPs were prepared by the following three-step reaction (Figure 1): (1) synthesis of silica nanoparticles (SiO2), (2) functionalization with APTES (SiO2@APTES), and (3) functionalization of SiO2@APTES using FFPBA by the Schiff base reaction (SiO2@APTES@FFPBA). The bare SiO2 was synthesized according to a modified previously reported method (Lin et al., 2014). Briefly, 6 mL of TEOS was gradually added to a mixture of 100 mL ethanol, 4 mL deionized water, and 3.2 mL aqueous solution of 25–28% ammonium. The mixture solutions were vigorously stirred at 30°C for 24 h. The resulting SiO2 was rinsed with water and ethanol three times in sequence and then vacuum-dried at 40°C overnight. Then, 1.0 mL of APTES was added dropwise to 20 mL anhydrous methanol containing 120 mg SiO2, and the SiO2@APTES was obtained by stirring the mixture for 24 h. The resultant SiO2@APTES was purified by three cycles of centrifugation, separation, and resuspension in ethanol by ultrasonication and dried at room temperature under vacuum for further use. The third step was to functionalize SiO2@APTES with FFPBA. 100 mg of SiO2@APTES was added to 150 mL anhydrous methanol containing 2.0 g FFPBA, and the obtained mixture was stirred for 12 h at 30°C. After that, sodium cyanoborohydride was added into the above solution (400 mg every 6 h) and kept for 24 h at 30°C. The SiO2@APTES@FFPBA was separated from the mixtures by a magnet and washed with water and ethanol in turn. The dried SiO2@APTES@FFPBA was obtained using vacuum drying (40°C) and needed cold preservation.



2.4 Selectivity of SiO2@APTES@FFPBA

The selectivity of SiO2@APTES@FFPBA was evaluated using A, G, and Lin as cis-diol compounds with DA and Gm as non-cis-diol analogs. The cis-diol or non-cis-diol solution (1 mg/mL) was obtained after they were dissolved in 50 mM PBS (pH 7.0), respectively. SiO2@APTES@FFPBA of 3 mg were dispersed into 1 mL above solution respectively, and the mixture was shaken at room temperature for 30 min. Then, the obtained targets-treated SiO2@APTES@FFPBA were collected by magnetic force and rinsed with 500 μL PBS (pH 7.0) three times. After that, the target-treated SiO2@APTES@FFPBA were eluted with an acetic acid solution for 1 h, and the obtained eluates containing targets were collected.



2.5 Preparation of Lin-imprinted SiO2@APTES@FFPBA

The Lin-imprinted SiO2@APTES@FFPBA were prepared according to the boronate affinity-based template-immobilized surface imprinting approach. As depicted in Figure 1, Lin templates were first immobilized onto SiO2@APTES@FFPBA. Specifically, 100 mg of SiO2@APTES@FFPBA were dispersed into 20 mL phosphate buffer solution (pH 7.0) containing 20 mg Lin, and the obtained suspension was shaken at 25°C for 1 h. The obtained Lin-immobilized SiO2@APTES@FFPBA were collected and washed with 50 mM phosphate buffer solution (pH 7.0). Then, 80 mg Lin-immobilized SiO2@APTES@FFPBA were dispersed into 10 mL 2-anilinoethanol solution (100 mM in pH 7.0 PBS) and shaken at 25°C for 5 min. Subsequently, 10 mL APS solution of 50 mM was added into the above-obtained suspension. The mixture was rapidly sealed and shaken at 25°C for 30 min. The imprinted polymer layer was formed by the self-polymerization of 2-anilinoethanol. Finally, the Lin templates were removed using 100 mM acetic acid and then washed with water and ethanol. The same process was followed for the preparation of non-imprinted SiO2@APTES@FFPBA, except it did not involve Lin templates.



2.6 Optimization of imprinting conditions

As key imprinting conditions, the concentration of 2-anilinoethanol and polymerization time were investigated by measuring the imprinting effect. The Lin solution of 1 mg/mL in 50 mM phosphate (pH 7.0) was applied as a template solution. An equivalent Lin-imprinted SiO2@APTES@FFPBA was added to each centrifuge tube. Then, 500 μL of Lin template solution was added to a centrifuge tube with Lin-imprinted SiO2@APTES@FFPBA and shaken for 1 h at 25°C. After the Lin-immobilized SiO2@APTES@FFPBA was washed with phosphate buffer of pH 7.0 two to three times, an equivalent 10 mL of 2-anilinoethanol and APS solutions at different concentrations was added in sequence to obtain the concentration of 2-anilinoethanol at 20, 40, 60, 80, and 100 mM. Additionally, the process of polymerization was carried out for a duration of 5–60 min.

The imprinting factor (IF) was calculated by the ratio of QMIPs to QNIPs, which was used to evaluate the imprinting effect of Lin-immobilized SiO2@APTES@FFPBA toward Lin. QMIPs and QNIPs (mg/g) represent the adsorption capacities of Lin-immobilized SiO2@APTES@FFPBA and non-imprinted SiO2@APTES@FFPBA for Lin.



2.7 Specificity of Lin-imprinted SiO2@APTES@FFPBA

The specificity of the Lin-immobilized SiO2@APTES@FFPBA for Lin was evaluated using nine samples, including Lin, Dop, Rut, Que., Bai, VB12, Gen, Des, and Kae. First, an equivalent amount of Lin-imprinted SiO2@APTES@FFPBA was added to each centrifugal tube of 1.5 mL. Each sample solution (1 mg/mL) of 500 μL was added to each centrifuge tube and shaken at 25°C for 1 h. After being washed with phosphate buffer three times, the Lin-immobilized SiO2@APTES@FFPBA were eluted using 100 μL of acetic acid solution (pH 2.7) for 2 h. The eluent was measured with UV absorbance at maximum absorption wavelength. The measurement was repeated three times.



2.8 Determination of the pKa value of FFPBA

The pKa value of FFPBA was measured according to the previously reported method. UV absorption changes were measured by the titration of 0.1 mM solution of FFPBA in 100 mM phosphate buffer with 1 M sodium hydroxide. The wavelength of the spectrophotometer was set at 268 nm, and a pH meter was fixed in the solution to continuously record the pH of the solution.



2.9 Binding isotherm and Scatchard analysis

The dissociation constant (Kd) and maximum binding capacity (Qmax) were determined according to a previously reported method (Li et al., 2015). An equivalent quantity of Lin-immobilized SiO2@APTES@FFPBA (3 mg each) was mixed with 500 μL of Lin solutions at different concentrations (0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.10, and 0.12 mg/mL) in centrifuge tubes. Then, the obtained mixture solutions were shaken on a rotator for 1 h at room temperature. The Lin-imprinted SiO2@APTES@FFPBA were collected, rinsed, and eluted with PBS (pH 7.0) and acetic acid solution, respectively. The obtained eluates were used to measure the Lin in the eluates. The Kd and Qmax were calculated based on the following Scatchard equation (Li et al., 2015):
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Qe and Cs are the binding capacity and the free concentration of the Lin-imprinted SiO2@APTES@FFPBA for Lin at equilibrium, respectively. Kd and Qmax can be calculated from the slope and the intercept of the plots of Qe/Cs versus Qe.



2.10 Analysis of Lin in real milk and chicken samples

70 mL of milk was placed in a 100 mL centrifugal tube and shaken with ultrasound for 10 min to achieve a uniform milk sample (Li and Bie, 2017). To determine Lin in milk, 30 mg of Lin-imprinted SiO2@APTES@FFPBA was added to 15 mL of the milk sample and shaken for 10 min at room temperature. The Lin-imprinted SiO2@APTES@FFPBA, which absorbed the Lin, was eluted with acetic acid, and the eluent was collected and measured. To evaluate the recoveries of Lin in the milk sample, different amounts of Lin were mixed into milk to obtain milk solutions containing Lin at different concentrations (0.05, 0.15, and 0.30 μg/g). Then, an equivalent quantity of Lin-imprinted SiO2@APTES@FFPBA was placed in the above-prepared 15 mL milk solution. After washing, Lin-imprinted SiO2@APTES@FFPBA were eluted with 2 mL acetic acid solution (pH 2.7) each time for three times, and 6 mL of eluent was collected. The feasibility of pretreatment of Lin in milk by Lin-imprinted SiO2@APTES@FFPBA was analyzed by HPLC-UV.

Chicken samples (20 g) were added to 80 mL acetonitrile and extracted by ultrasonics for 40 min (Li et al., 2017). Then, the extracted solutions were transferred into a 100 mL flask for evaporation and drying on a rotary evaporator. The final residue was dissolved in 20 mL PBS (100 mM in pH 7.0) to form chicken sample solutions containing Lin. Then, 20 mg of Lin-imprinted SiO2@APTES@FFPBA was added to 5 mL of the chicken sample solutions and shaken for 10 min at room temperature. The Lin-imprinted SiO2@APTES@FFPBA, which absorbed the Lin, was eluted with acetic acid, and the eluent was collected and measured by absorbance. To evaluate the recoveries of Lin in chicken samples, equivalent amounts of Lin-imprinted SiO2@APTES@FFPBA were placed in the chicken sample solutions containing Lin at different concentrations (0.10, 0.20, and 0.40 μg/g). Lin-imprinted SiO2@APTES@FFPBA after adsorption were collected and washed with pH 7.0 PBS. Next, Lin-imprinted SiO2@APTES@FFPBA were eluted with 2 mL acetic acid solution (pH 2.7) each time for three times, and 6 mL of eluent was collected and analyzed by HPLC-UV.




3 Results and discussion


3.1 Characterization of Lin-imprinted SiO2@APTES@FFPBA

Figure 2A represents the TEM images of Lin-imprinted SiO2@APTES@FFPBA. It can be observed clearly that Lin-imprinted SiO2@APTES@FFPBA exhibits approximately spherical morphologies and relatively narrow size distributions with a diameter of about 100 nm. This result indicated that the Lin-imprinted SiO2@APTES@FFPBA had satisfactory dispersibility, which is highly advantageous for the selective recognition of Lin.
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FIGURE 2
 TEM images of Lin-imprinted SiO2@APTES@FFPBA (A), XPS spectra (B), and XRD spectra (C) of bare SiO2 (A) and Lin-imprinted SiO2@APTES@FFPBA (B).


To verify the successful preparation of Lin-imprinted SiO2@APTES@FFPBA, X-ray photoelectron survey spectrometry (XPS) of bare SiO2 and Lin-imprinted SiO2@APTES@FFPBA was investigated. As shown in Figure 2B, the XPS spectrum exhibited an O 1 s peak at 531 eV and a Si 2p peak at 105 eV in bare SiO2. While the XPS spectrum exhibited a C 1 s peak at 286 eV, O 1 s peak at 531 eV, Si 2p peak at 105 eV, N 1 s peak at 399 eV, and B 1 s peak at 191 eV in Lin-imprinted SiO2@APTES@FFPBA. The peak at a binding energy of 191 eV could be assigned to B atoms in the form of Lin-imprinted SiO2@APTES@FFPBA, which proved successful preparation of Lin-imprinted SiO2@APTES@FFPBA. In addition, the crystalline nature of bare SiO2 and Lin-imprinted SiO2@APTES@FFPBA could be confirmed by XRD analysis. As depicted in Figure 2C, the relatively discernible strong diffraction peaks corresponding to SiO2 (2θ = 24.2°) were observed in the curves of two samples, which highly corresponded to the crystalline planes of cubic spinel nanostructure of the silica nanoparticles. This result indicated that the structure of the carrier SiO2 was not changed during the coating process of the imprinted layer.



3.2 Selectivity of SiO2@FFPBA

The post-modification of SiO2 with boronic acid is a key for boronate affinity-based template-immobilized surface imprinting. The post-modification of boronic acids can be confirmed by investigating the selectivity of the FFPBA-functionalized SiO2 for cis-diols. A and G were tested as cis-diol-containing compounds, while DA and Gm were tested as non-cis-diol analogs. As seen in Figure 3, the boronic acid-modified SiO2 (SiO2@FFPBA) exhibited a higher binding amount for A or G than DA or Gm under neutral pH conditions (pH 7.0). Obviously, this result indicated that the SiO2@FFPBA provided excellent selectivity. Because Lin contains one cis-diol, the SiO2@FFPBA exhibited a relatively high binding capacity for Lin. Clearly, the boronic acid-functionalized SiO2 exhibited selective binding to cis-diol-containing compounds. These results also confirmed the successful immobilization of boronic acid FFPBA onto the SiO2.
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FIGURE 3
 The binding amount of different analytes captured by boronic-acid modified SiO2 (SiO2@FFPBA). Binding buffer: 50 mM sodium phosphate buffer (pH 7.0); elution solution: 100 mM HAc (pH 2.7); samples: A, DA, Gm, G, and Lin dissolved in binding buffer (1 mg/mL).




3.3 Investigation of imprinting conditions

For the boronate affinity-based template-immobilized surface imprinting, the thickness of the imprinted coating on the surface of the SiO2@FFPBA substrate is key for the binding properties of the imprinted materials. Generally, the thickness of the imprinted coating must be calibrated to a smaller size than the template. As we know, the thickness of the imprinted coating is closely related to the concentration of 2-anilinoethanol and polymerization time, and the influence of these two factors on the imprinting effect was systematically evaluated by IF. The thickness of the imprinting coating on SiO2 is in direct proportion to the concentration of 2-anilinoethanol. The most appropriate 2-anilinoethanol concentration could be evaluated by the binding capacity of MIP and NIP prepared at different concentrations. As observed from Figure 4A, the most appropriate 2-anilinoethanol concentration was 60 mM, with an IF value reaching 7.11. In addition, the influence of polymerization time on the imprinting effect was also investigated. It can be observed from Figure 4B that the binding capacity of MIP for Lin gradually increased with time from 10 to 30 min, while the NIP gradually decreased. However, when the polymerization time was more than 30 min, the binding capacity of MIP for Lin decreased, and NIP remained nearly constant over time. Clearly, the changing trends of the IF were in good accordance with that of the binding amount of MIP. Thus, the optimal imprinting conditions for Lin was the self-polymerization of 60 mM 2-anilinoethanol for 30 min, which provided the best IF of 7.11. The high IF can be attributed to the fact that there were no boronic acid moieties outside of the imprinted cavities in the current imprinting method. For other antibiotic templates, the good choice is to employ a simple and effective method with the preferred optimized conditions reported here and only tune the polymerization time. If they do not work well, a de novo optimization should be carried out.
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FIGURE 4
 Effects of imprinting conditions of the target amount captured by the Lin-imprinted SiO2@APTES@FFPBA and the imprinting factor (IF). (A) concentration of 2-anilinoethanol; (B) polymerization time.




3.4 Specificity of Lin-imprinted SiO2@APTES@FFPBA

To evaluate the specificity of Lin-imprinted SiO2@APTES@FFPBA for Lin, several compounds, including Dop, Rut, Que., Bai, VB12, Gen, Des, and Kae, were selected as competitive compounds. As depicted in Figure 5, compared to the competitive compounds, Lin-imprinted SiO2@APTES@FFPBA exhibited a higher binding capacity for Lin. In other words, Lin-imprinted SiO2@APTES@FFPBA provided a higher affinity for Lin. Although Dop, Rut, Bai, and Que. contain cis-diols, Lin-imprinted SiO2@APTES@FFPBA exhibited a relatively low binding capacity for these compounds. Therefore, the obtained Lin-imprinted SiO2@APTES@FFPBA possessed excellent specificity toward Lin. This result implied that the boronate affinity-template immobilized surface imprinting strategy gained great success due to the thickness-controllable imprinting coating generated by the in-water self-polymerization of 2-anilinoethanol. Comparatively, the non-imprinted SiO2@APTES@FFPBA (NIP) only exhibited a very slight affinity toward Lin and other competitive compounds, indicating that the imprinting coating contained only limited non-specific binding sites.
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FIGURE 5
 Comparison of the amount of different compounds captured by the Lin-imprinted SiO2@APTES@FFPBA (MIP) and non-imprinted SiO2@APTES@FFPBA (NIP). Binding buffer: 50 mM phosphate buffer (pH 7.0); eluate: 100 mM HAc (pH 2.7); samples: 1 mg/mL Lin, Dop, Rut, Que., Bai, VB12, Gen, Des, and Kae dissolved in binding buffer.




3.5 Binding pH

The binding pH is an important binding property that is positively related to the binding affinity of boronic acids toward cis-diols. The binding affinity and binding pH are determined by the structures of the boronic acid ligands and supporting materials (Lin-imprinted SiO2@APTES@FFPBA). As shown in Figure 6A, the pKa value of FFPBA was measured to be approximately 5.8 due to the presence of electron-withdrawing groups in FFPBA. Clearly, these specific boronic acid ligands could work under low pH conditions of 6.0 (Figure 6B). In addition, the imprinted cavities in the Lin-imprinted SiO2@APTES@FFPBA could lead to higher binding affinity, thereby providing lower binding pH. To confirm this, the effect of pH on the binding capacity of Lin-imprinted SiO2@APTES@FFPBA and non-imprinted SiO2@APTES@FFPBA was investigated. As depicted in Figure 6B, Lin-imprinted SiO2@APTES@FFPBA exhibited a lower binding pH value (pH 5.0) as compared with SiO2@APTES@FFPBA (pH 6.0), while non-imprinted MNPs provided very limited binding capacity for Lin. The binding pH shift was due to the imprinted cavities in the structure of Lin-imprinted SiO2@APTES@FFPBA. Such a pH shift is beneficial because a lower binding pH value generally results from increased affinity toward cis-diol compounds. These results indicated that Lin-imprinted SiO2@APTES@FFPBA can enlarge the range of pH when directly applied to real samples without requiring pH adjustment.
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FIGURE 6
 (A) The pH-dependence of the absorbance at 268 nm of FFPBA and (B) Target binding capability Q of Lin-imprinted SiO2@APTES@FFPBA (MIP), non-imprinted SiO2@APTES@FFPBA (NIP), and SiO2@FFPBA at different pH values. Sample: 1 mg/mL Lin dissolved in 50 mM phosphate buffer (pH 4.0, 5.0, 6.0, and 7.0).




3.6 Binding equilibrium

In order to evaluate the binding equilibrium time of Lin-imprinted SiO2@APTES@FFPBA toward Lin, the effect of the response time on binding capacity (Q) was investigated (Figure 7). As seen in Figure 7, Lin-imprinted SiO2@APTES@FFPBA had a faster adsorption rate than non-imprinted MNPs within the first 6 min. When the response time exceeded 6 min, the adsorption rate quickly slowed down, and the binding reaction reached equilibrium at 6 min. This result implied that most of the binding sites had been occupied by Lin in such a situation. Clearly, such an equilibrium time of Lin-imprinted SiO2@APTES@FFPBA for Lin was lower than that of other imprinted polymers (8–90 min) (Gu et al., 2010; Li et al., 2012, 2017, 2018a; He et al., 2014; Hao et al., 2016). This result indicated that the Lin-imprinted SiO2@APTES@FFPBA for Lin showed good binding kinetics.
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FIGURE 7
 Binding equilibrium of Lin-imprinted SiO2@APTES@FFPBA and non-imprinted SiO2@APTES@FFPBA. Sample: 1.0 mg/mL of Lin containing 50 mM phosphate, pH 7.0.




3.7 Determination of Kd and Qmax

As we know, the binding affinity of Lin-imprinted SiO2@APTES@FFPBA can determine how low concentrations of Lin can be extracted by Lin-imprinted SiO2@APTES@FFPBA. Therefore, the binding isotherm of the Lin-imprinted SiO2@APTES@FFPBA toward Lin was investigated to evaluate its binding affinity. As shown in Figure 8A, the Lin-imprinted SiO2@APTES@FFPBA exhibited much higher binding capacity toward Lin as compared with the non-imprinted SiO2@APTES@FFPBA. According to the binding isotherm, a Scatchard plot was drawn (Figure 8B), which could provide Qmax and Kd values of Lin-imprinted SiO2@APTES@FFPBA. These were (19.45 ± 1.44) mg/g and (3.65 ± 0.38) × 10−5 M, respectively. Clearly, Lin-imprinted SiO2 exhibited much higher binding capacity than other imprinted nanomaterials (Gu et al., 2010; Li et al., 2018a,b,c,d). Such a high-binding capacity could result from the combination of SiO2 with easy post-modification and FFPBA with low pKa. Conversely, it also benefited from the high imprinting efficiency. The strong binding strength of the prepared Lin-imprinted SiO2@APTES@FFPBA for Lin favors the extraction of Lin of trace concentrations.
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FIGURE 8
 (A) Binding isotherms for binding of the Lin-imprinted SiO2@APTES@FFPBA and non-imprinted SiO2@APTES@FFPBA to Lin, and (B) Scatchard plots for the binding of the Lin-imprinted SiO2@APTES@FFPBA to Lin.




3.8 Reproducibility and reusability

The reproducibility of the obtained Lin-imprinted SiO2@APTES@FFPBA was evaluated by using six batches of Lin-imprinted SiO2@APTES@FFPBA prepared on different days, and the measurements replicated three times in parallel. It can be observed from Figure 9A that each individually prepared Lin-imprinted SiO2@APTES@FFPBA exhibited similar binding capacities for Lin (21.30, 18.89, 17.43, 18.16, 17.85, and 17.46) mg/g, respectively. These results indicated that the reproducibility of Lin-imprinted SiO2@APTES@FFPBA was satisfactory because the boronate affinity-based template immobilized surface imprinting was beneficial.
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FIGURE 9
 Batch-to-batch reproducibility (A) and reusability (B) of Lin-imprinted SiO2@APTES@FFPBA. Sample: 1 mg/mL of Lin containing 50 mM phosphate, pH 7.0.


One of the main advantages of MIPs over native antibodies is their ability to be reused. Thus, the reusability of Lin-imprinted SiO2@APTES@FFPBA was investigated, and the adsorption–desorption cycle was repeated ten times using the same batch of Lin-imprinted SiO2@APTES@FFPBA (Figure 9B). Even after six adsorption–desorption cycles, the adsorption capacity of Lin-imprinted SiO2@APTES@FFPBA = changed very little. Clearly, Lin-imprinted SiO2@APTES@FFPBA could still be reused after seven adsorption–desorption cycles. Thus, Lin-imprinted SiO2@APTES@FFPBA possesses high chemical stability.



3.9 Determination of Lin in food samples

In order to investigate the performance of the prepared Lin-imprinted SiO2@APTES@FFPBA in food samples, the selective separation and determination of Lin from milk and chicken samples by Lin-imprinted SiO2@APTES@FFPBA was carried out. The obtained results are given in Table 1. Clearly, the content of Lin in chicken was evaluated to be 0.025 μg/g, and no Lin was found in the milk solution. In addition, to investigate the accuracy of the method by selective separation and determination of Lin in real food samples, the evaluation of Lin in milk and chicken was performed. The recoveries were investigated with three standard amounts of Lin added in milk and chicken solutions, and the spiked concentration was fixed at 0.05, 0.15, 0.30 μg/mL, and 0.10, 0.20, 0.40 μg/mL, respectively. By extraction and determination of Lin, the recoveries for milk and chicken solutions were shown in Table 1. The recoveries of Lin for milk and chicken solution were evaluated to be 93.3–103.3% and 90.0–100.0%, respectively. In addition, the RSD for milk and chicken solution ranged from 2.5–5.3% and 3.0–4.5%. The results indicated that the proposed method is accurate, sensitive, and selective for the determination of Lin in animal-derived food samples.



TABLE 1 Results of sample assay and recoveries for the determination of Lin (n = 3).
[image: Table1]




4 Conclusion

In this study, we used boronate affinity-based template-immobilized surface imprinting to prepare the boronate affinity-based Lin-imprinted SiO2@APTES@FFPBA for the first time. The pKa value of FFPBA was first investigated. The use of boronic acid FFPBA in the MIPs provided several highly attractive features, including high specificity, high binding affinity, and low binding pH. Clearly, the prepared Lin-imprinted SiO2@APTES@FFPBA are feasible for the recognition of target Lin with low concentrations in real food samples. We foresee rapid development and promising applications of this approach in the future.
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Immunoassay is a powerful tool for the rapid detection of small harmful organic molecules. In this study, a simple and sensitive fluoroimmunoassay (FIA) based on a nanobody-alkaline phosphatase fusion protein (VHHjd8-ALP) and blue-emissive carbon dots (bCDs) was developed for the rapid detection of fenitrothion. The bCDs were synthesized using the one-step hydrothermal method. Citric acid and urea were used as carbon and nitrogen sources, respectively. The synthesized bCDs were characterized by fluorescence spectrum, high-resolution transmission electron microscopy, x-ray photoelectron spectroscopy, and Fourier transform infrared spectroscopy. After one step of competitive immunoassay, the VHHjd8-ALP bound to the microplate and catalyzed the substrate p-nitrophenylphosphate (pNPP) into p-nitrophenol (pNP); the latter can quench the blue of bCDs due to an inner-filter effect. After condition optimization, an FIA calibration curve was finally created, which showed an IC50 value of 16.25 ng/mL and a limit of detection (LOD) of 0.19 ng/mL. Compared with the pNPP-based one-step conventional indirect competitive enzyme-linked immunoassay (icELISA), the developed FIA showed an 11-fold sensitivity improvement. Furthermore, the analysis period of FIA only takes approximately 55 min, which was obviously faster than that of the conventional icELISA. The recovery test showed recoveries from 81.8 to 119% with fruits and vegetable samples, which verified the practicability and accuracy of the developed FIA.

KEYWORDS
 fluoroimmunoassay, fenitrothion, carbon dots, nanobody-alkaline phosphatase fusion protein, rapid detection


Introduction

Pesticide is indispensable for modern agriculture. However, the improper and excessive use of pesticides results in residues in foods and environments, which is a serious problem. Furthermore, consuming foods with high pesticide residue levels over the recommended levels can cause chronic poisoning and even cancer (Yang et al., 2018; Pedroso et al., 2022). Fenitrothion is a highly effective organophosphorus insecticide with a broad spectrum of activity. It is extensively utilized for controlling a wide range of pests and is also employed for the management of flies, mosquitoes, and other disease-carrying vectors, thereby contributing to the prevention of malaria and other public health issues (Gnanguenon et al., 2015; Abdel-Ghany et al., 2016). However, previous studies showed that the fenitrothion was harmful to human beings through the inhibition of the acetylcholinesterase activity (Faria et al., 2022). Moreover, fenitrothion exposure was associated with hepatic injury, renal injury, and reproductive toxicity (Galal et al., 2019; Li et al., 2023). As a consequence, the amount of fenitrothion residues in foods should be strictly monitored.

For the detection of fenitrothion, several methods have been reported in previous studies, including high-performance liquid chromatography (HPLC) (Ulusoy et al., 2020), gas chromatography–mass spectrometry (GC–MS/MS) (Kang et al., 2020), electrochemical sensor (Han et al., 2023), and fluorescent sensor (Delnavaz et al., 2023). However, fenitrothion is detected primarily through instrumental analysis, which is expensive, requires professional operators, and takes a long time. Therefore, it is necessary to develop a rapid, simple, sensitive, and low-cost method for the detection of fenitrothion.

Immunoassay is a powerful detection tool in analytical chemistry and exhibits broad applicability for accurately quantifying analytes present at extremely low concentrations (Wang et al., 2022), which shows advantages of sensitivity, rapid, high specificity, low cost, and easy-to-use. Conventional immunoassay depends on the output of the colorimetric signal, which limits the sensitivity for analysis. As an alternative, fluoroimmunoassay (FIA) is a promising and powerful detection tool owing to its advantages such as high sensitivity, non-destructive characteristics, real-time, fast response, and low cost (Yi et al., 2020). For the development of FIA, the fluorescent probe is the key element for signal amplification. As a novel fluorescent nanomaterial, carbon dots (CDs) show excellent features such as wide sources, cost-effectiveness, low toxicity, water-solubility, and easy synthesis (Luo et al., 2013; Lee et al., 2016; Zhu et al., 2019; Lin et al., 2021), which have garnered growing interest and are considered excellent candidates for the development of FIA.

In this study, an anti-fenitrothion nanobody-alkaline phosphatase fusion protein (VHHjd8-ALP) was employed to develop CDs-based FIA. As shown in Scheme 1, in the absence of fenitrothion, the VHHjd8-ALP binds on the microplate after a one-step competitive immunoassay. The substrate p-nitrophenylphosphate (pNPP) was catalyzed by VHHjd8-ALP into p-nitrophenol (pNP). Afterward, the blue-emissive CDs (bCDs) were added. In the presence of pNP, the fluorescent intensity of bCDs can be quenched through an inner-filter effect. The implementation of this sensitivity enhancement strategy does not require additional steps, making it a convenient, time-saving, and effective method for fenitrothion analysis. Moreover, the FIA being developed is undergoing meticulous optimization and will be thoroughly validated using real samples to ensure its accuracy and practicality.

[image: Figure 1]

SCHEME 1
 Development of FIA.




Materials and methods


Materials and reagents

Fenitrothion standard was purchased from Tanmo Technology Ltd. (Beijing, China). VHHjd8-ALP and coating antigen (Hapten-1-BSA) were prepared and stored in our laboratory (Chen et al., 2021; Liu et al., 2022). Tris(hydroxymethyl)aminomethane (Tris), Tween-20, citric acid, and sodium hydrogen citrate were purchased from Aladdin Chemical Technology Co., Ltd. (Shanghai, China). Urea was supplied by Heowns Biochemical Technology Co., Ltd. (Tianjin, China). The pNPP and dialysis bag (800 Da) were purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). For pretreatment purification, the primary secondary amine (PSA) was obtained from Biocomma Co., Ltd. (Shenzhen, China). The 96 microwell opaque plate and the ELISA plate were purchased from Jingan Biological Co., Ltd. (Shanghai, China).



Buffers

The following buffers and solutions were used in this study: Tris buffer (10 mM, pH 7.4); washing buffer (Tris buffer with 0.05% Tween-20); phosphate-buffered saline (PBS, 10 mM, pH 7.4); PBS with 0.05% Tween-20 (PBST); carbonate buffer (50 mM, pH 9.6); blocking buffer (5% skimmed milk in PBS); and ALP buffer (Tris, 5 mM, pH 9.6, with 2 mM MgCl2).



Instruments

The morphology characterization of bCDs was performed in the Gene Pulser Xcell electroporator (Bio-Rad, Hercules, CA, United States). The Multiskan MK3 microplate reader was employed for the optical density (OD) value measurement (Thermo-Fisher, Waltham, MA, United States). SpectaMax i3x reader was used to measure fluorescence intensity (Molecular Devices, Sunnyvale, United States). Characterization of bCDs was performed using an FEI Talos F200X microscope (Thermo-Fisher, Hillsboro, OR, United States), a Nicolet IS10 FT-IR Spectrometer (Thermo-Fisher, Waltham, MA, United States), an FLS1000/FSS FL spectrometer (Edinburgh Instruments Ltd., Livingston, UK), and an ESCALAB 250XI electron spectrometer (Thermo Scientific, Waltham, MA, United States).



Preparation of rCDs

The synthesis of bCDs was referred to by Qu et al. (2016) using the hydrothermal method. A mixture of citric acid (1 g) and urea (2 g) was dissolved in N,N-dimethylformamide (10 mL) and then heated for 6 h at 160°C in a Teflon-lined autoclave. The obtained dark product was dialyzed by an 800 Da dialysis bag with deionized water to remove unreacted substances. The bCDs were finally obtained after dialysis and stored at 4°C until used.



Development of FIA

The Hapten-1-BSA was diluted in carbonate buffer (1 μg/mL) and added to an ELISA plate (100 μL/well) kept overnight at 37°C. After coating, the ELISA plate was washed twice with PBST. To block the uncoated sites, a blocking buffer was added (120 μL/well) and incubated for 3 h at 37°C and dried at 37°C for 1 h. A series of fenitrothion solutions (in Tris buffer) were added to the microplate (50 μL/well), followed by the addition of VHHjd8-ALP (in Tris buffer, 50 μL/well). After a 30-min incubation period, the wells were washed five times with a washing buffer. Subsequently, the pNPP substrate (in ALP buffer, 100 μL/well) was added and incubated at 37°C for 30 min, following which 50 μL of bCDs was introduced, and the mixture was then transferred to an opaque plate (100 μL/well). The fluorescence signal of bCDs was measured using an excitation wavelength of 370 nm and an emission wavelength of 470 nm.



Determination of samples

The GC–MS/MS was employed to verify the fenitrothion-free samples (tangerines, lettuces, and Chinese cabbages). The details are described in Supporting Information.




Results and discussion


Identification of bCDs

In a previous study, bifunctional VHHjd8-ALP was prepared for the one-step ELISA of fenitrothion, which was faster than the conventional icELISA. As a typical substrate, pNPP was widely employed for the response of ALP (Sun et al., 2018). However, the sensitivity of pNPP-based ELISA is limited by the strategy of OD value measurement. To overcome this shortcoming, this study synthesized and employed bCDs as a high-response signal probe for sensitivity improvement. Transmission electron microscopy (TEM) was used to characterize the obtained bCDs and revealed well-dispersed nanoparticles, exhibiting a spherical morphology with an interplanar spacing of 0.22 nm (Figure 1A). The size distribution histogram showed the average size of 2.7 nm for bCDs (Figure 1B). The small size of bCDs ensures their effective dispersion in an aqueous solution, enabling their utilization as fluorescent probes for uniform signal response. The optical performance of bCDs (including absorbance spectrum and fluorescence spectrum) was further characterized. As shown in Figure 1C, the UV absorption spectrum of bCDs showed several absorption peaks in the wavelength range of 300–750 nm, while the highest intensity was found at 338 nm. Moreover, the excitation spectrum (Ex) showed the strong peak at 370 nm, suggesting that the compound absorbs light most efficiently at this wavelength. Based on the optimized Ex, the emission spectrum was scanned and exhibited the peak centered at 470 nm.
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FIGURE 1
 (A) TEM image of bCDs. (B) Particle size distribution of bCDs. (C) Absorbance spectrum, excitation, and emission spectrum of bCDs. (D) FT-IR spectrum of bCDs.


Fourier transform infrared spectroscopy (FT-IR) was employed to analyze the functional groups of bCDs. As depicted in Figure 1D, the existence of wide bands within the range of 3,100–3,500 cm−1 confirmed the presence of stretching vibrations associated with O-H or N-H. This observation indicates the presence of -OH or-NH2 groups. These hydrophilic groups achieved good solubility of bCDs (Qu et al., 2016). A faint peak detected at 2800–3000 cm−1 signifies the stretching vibration of saturated C-H bonds (Holá et al., 2017). In the range of 580–1800 cm−1, several absorption peaks were found. The FT-IR spectrum of the bCDs showed characteristic peaks at 1710 cm−1 and 1,660 cm−1, indicating the presence of C=O double bond and C-H bond stretching vibrations, respectively (Zhang et al., 2020; Yu et al., 2022). Moreover, the FT-IR spectrum displayed peaks at 1620 cm−1 and 1,510 cm−1, suggesting the presence of aromatic groups in bCDs (Zhang et al., 2020). An obvious peak at 1400 cm−1 suggested the presence of C-N stretching vibrations, indicating that the amide group exists in bCDs (Yu et al., 2022). The presence of a peak at 1360 cm−1 in the FT-IR spectrum was attributed to the bending vibration of the C-H group. The peaks in the range from 1,000 to 1,180 cm−1 indicated the C-O groups (Aladesuyi and Oluwafemi, 2023).

To further examine the chemical composition of bCDs, the XPS was employed. Figure 2A shows that the XPS survey spectrum exhibited three element peaks, namely, carbon (C 1 s), nitrogen (N 1 s), and oxygen (O 1 s). To further analyze the functional groups of bCDs, a high-resolution XPS spectrum was employed. Figure 2B shows that the C 1 s spectrum decomposed into three peaks. The peaks at 287.9 eV and 284.7 eV demonstrated the existence of O=C-O and C-C (or C=C). Moreover, the peak at 285.8 eV was attributed to the groups of C-N, C-O, or C=N (Zhang et al., 2020). The decomposition of N 1 s can be observed in Figure 2C, where it is divided into two distinct peaks at the binding energy of 399.6 eV and 400.9 eV. These peaks correspond to pyrrolic N and graphitic N, respectively (Huo et al., 2021; Wu et al., 2022). The binding energy of O 1 s (Figure 2D) can also be deconvoluted into two peaks at the binding energy of 531.0 eV and 532.2 eV, contributed by the bonds of C=O and C-O, respectively (Chen et al., 2020; Zhang et al., 2020). Based on the aforementioned findings, it can be inferred that the bCDs potentially possess a conjugation core consisting of the pyridine and graphitic groups. Additionally, the presence of hydrophilic groups, such as amino and hydroxyl groups on the surface, contributes to the high solubility of bCDs.
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FIGURE 2
 (A) Survey spectrum of XPS. (B-D) XPS spectrum of C 1 s, N 1 s, and O 1 s.




Construction of FIA

To verify the feasibility of FIA, several conditions were investigated. The fluorescence spectrum of pNP, pNPP, and bCDs were characterized. As shown in Figure 3A, only bCDs exhibited an obvious emission, and no fluorescence interference was observed for pNP and pNPP on bCDs, indicating the reliable signal output and good signal-to-noise ratio of FIA. To further investigate the quenching mechanism for bCDs, the UV spectrum of pNP and pNPP were measured and compared with the Ex and Em of bCDs. Figure 3B shows that no absorption peaks were observed for pNPP, while pNP showed an obvious absorption peak at 405 nm, which overlaps the Ex and Em peaks of bCDs. Moreover, the introduction of pNP did not affect the fluorescence lifetime of bCDs (Figure 3C). Therefore, the inner-filter effect might be the main reason for the fluorescence quenching of bCDs (Dong et al., 2019). Furthermore, the fluorescence of bCDs was examined across different pH values, revealing that bCDs demonstrated a strong fluorescence intensity within a wide pH range spanning from pH 5 to pH 13, demonstrating superior optics features and stability (Figure 3D). The pH value of ALP buffer was 9.6, which was suitable for the fluorescent response of bCDs. Therefore, bCDs were added without adjusting the pH value. All the above mentioned results indicated that the FIA system based on phosphate triggered to regulate the intensity of bCDs was feasible.
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FIGURE 3
 (A) Fluorescence influence of pNPP and pNP to bCDs. (B) Spectral overlapping of the fluorescence spectrum of bCDs and absorption spectrum of TMB and oxTMB. (C) Fluorescence lifetime of bCDs before and after mixing with pNP. (D) Optimized pH value for the fluorescent intensity of bCDs.




Development of FIA

Based on the mechanism of fluorescent regulation, the development of FIA was achieved by utilizing bCDs. In the absence of fenitrothion, the VHHjd8-ALP was bound to the microplate after a one-step competitive immune competition. Afterward, the pNPP was catalyzed into pNP through VHHjd8-ALP. Subsequently, the addition of bCDs resulted in the quenching of the fluorescence spectrum through the inner-filter effect, leading to a fluorescent response indicating the presence of fenitrothion (Scheme 1). To optimize the catalytic activity of VHHjd8-ALP for FIA, the pH value was adjusted and investigated using pNPP as the substrate. Figure 4A shows that the highest catalytic activity was observed with the pH value of 9.8, which was chosen as the optimized pH to develop FIA. Since the pH value for VHHjd8-ALP matched that of bCDs, no pH adjusting was performed after bCD addition, which was simple and convenient. Furthermore, the coating antigen concentration for the development of FIA was also investigated. Figure 4B demonstrates that the calibration curve attained optimal sensitivity, as evidenced by the limit of detection (LOD) of 0.77 ng/mL when the coating antigen concentration was set at 1 μg/mL. The calibration curve for FIA was successfully generated under the optimized conditions. The FIA analysis revealed an IC50 value of 16.25 ng/mL, with a limit of detection (LOD) of 0.07 ng/mL (Figure 5A). The fluorescent intensity exhibited a strong linear correlation with fenitrothion, with the concentration ranging from 0.195 ng/mL to 5 ng/mL, as evidenced by a high correlation coefficient of R2 = 0.981 (Figure 5B). Compared with conventional pNPP-based one-step icELISA (Figure 4B), the developed FIA exhibited 11-fold improvement. Furthermore, the strategy of enhancing sensitivity necessitates no intricate methodologies, rendering it straightforward, convenient, and cost-effective.
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FIGURE 4
 (A) pH optimization for the catalytic activity of VHHjd9-ALP. (B) Optimization of coating antigen concentration.
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FIGURE 5
 (A) Calibration curve and (B) linear range of FIA.




Recovery test

Following the extraction and purification procedures, the extracting solutions were subsequently diluted using Tris buffer. Previous research has demonstrated that a 20-fold dilution effectively eliminates any matrix effect (Chen et al., 2022). To assess the accuracy of the developed FIA, a recovery test was conducted, and the results are summarized in Table 1. The recoveries achieved through FIA ranged from 81.8% to 119%, while those obtained through GC–MS/MS ranged from 86.5% to 116%. The coefficient of variances (CVs) for FIA ranged from 7% to 13.6%, and for GC–MS/MS, the CVs ranged from 4.3% to 11.6%. The results obtained from FIA exhibited a high level of agreement with those obtained from GC–MS/MS, indicating the accuracy and practicality of the developed FIA method.



TABLE 1 Recovery of fenitrothion from spiked food samples by proposed FIA (n = 3).
[image: Table1]




Conclusion

This study developed a simple FIA for sensitive detection of fenitrothion. The synthesized bCDs were used as a fluorescent probe for sensitivity improvement. After conducting a one-step competitive immunoassay, the VHHjd8-ALP fusion protein, upon binding to the microplate, catalyzed the conversion of pNPP into pNP; the latter can quench the intensity of bCDs through the inner-filter effect. After condition optimization, a high fluorescent response immunoassay was finally developed. Furthermore, in comparison to the conventional pNPP-based one-step icELISA, the developed FIA demonstrated a remarkable 11-fold enhancement. Furthermore, the approach to enhancing sensitivity does not require complex methodologies, making it simple, convenient, and economical. The recovery test served as confirmation that the developed FIA was both practical and accurate, establishing it as an exceptional method for rapidly and sensitively detecting fenitrothion in food samples.
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Per- and polyfluoroalkyl substances (PFAS) are a group of persistent organic pollutants which pose significant risks to human health and the environment. This article comprehensively examines the implications of new legislation concerning PFAS for food sustainability. The current legislative frameworks governing PFAS in food production and distribution are explored, highlighting the need for robust mitigation strategies to safeguard food safety and environmental integrity. It delves into the challenges posed by the legislation, raising questions about the balance between environmental protection and the sustainability of the food system. It provides a review of the state-of-the-art analytical methods for PFAS detection and quantification in water and food matrices. Their advantages and limitations are discussed, offering valuable insights for researchers in the field. In addition, a range of mitigation strategies to combat PFAS contamination in the food supply chain are explored. By collating current knowledge on PFAS contamination in sustainable food systems, this article aims to provide a comprehensive resource for researchers, policymakers, and practitioners striving to ensure the safety and sustainability of our global food supply. The integration of legislative insights, advanced analytical techniques, and practical mitigation approaches offers a holistic perspective on managing PFAS-related challenges in the context of sustainable food systems.
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1 Introduction

So-called “forever chemicals” are pollutants of rising concern due to the thriving industry of plastic-associated substances. Highly persistent in the environment and human body due to the strength and stability of their unique chemistry, their extreme difficulty to degrade in the environment has led them to be a major outlet of contamination to date (HBM4EU, 2022; United Nations Environment Programme, 2023). Forever chemicals have been widely used since the 1940s in various industrial and consumer products including firefighting foams, cleaning agents, non-stick cookware, water-repellent clothing, additives in paints, and food packaging, due to their resistance to heat, oil, and water (Buck et al., 2011; ECHA, 2022).

Per- and polyfluoroalkyl substances (PFAS) constitute part of these man-made chemicals of increasing global concern. They are technically defined as “any substance that contains at least one fully fluorinated methyl or methylene carbon atom (without any H/Cl/Br/I attached to it)” (OECD, 2021, p. 7). This means that any chemical with a minimum of one perfluorinated methyl (–CF3) or methylene (–CF2–) group is classified as a PFAS. This group of chemicals can be synthesized by two processes: electrochemical fluorination (ECF) or fluorotelomerisation (Evich et al., 2022), resulting in a large and complex class of thousands of compounds with highly diverse functional groups. Table 1 illustrates this collection with a comprehensive but not exhaustive summary of PFAS groups, their chemical structural characteristics, acronyms and examples. It is important to note that more of these groups are being produced each time one gets banned (Hammel et al., 2022).



TABLE 1 Overview of PFAS groups.
[image: Table1]

PFAS have been classified as ubiquitous, persistent, bioaccumulative and toxic, posing a massive concern to regulators worldwide (Environment Agency, 2021). These highly persistent organic compounds can accumulate in the environment, particularly in water bodies, and subsequently in the tissues of aquatic organisms that enter the food chain (Houde et al., 2011). This bioaccumulation can pose significant health risks to both animals and humans who consume contaminated drinking water or food products, including potential links to cancer, hormone disruption, and immune system effects (Steenland et al., 2010). It is estimated that all biota on the planet, including humans, already has a PFAS body burden (Ingelido et al., 2018). Biomonitoring studies are currently underway globally to generate representative evidence of PFAS chemical exposure in the human population (EFSA CONTAM Panel et al., 2020; ATSDR, 2021).

An investigation conducted by the International Pollutants Elimination Network carried out in 17 countries across Asia, Africa, Europe, Latin America and the Caribbean found PFAS contents in 54% of sampled single-use food packaging and tableware (Straková et al., 2023). This highlights the global exposure of human population to PFAS from packaging and contaminated food. Similar findings have also been observed across a range of more site-specific studies. For example, PFAS pollution was reported to threaten water quality in North and Southeast Asia (Liu et al., 2021; Tang et al., 2023). A study on pregnant women in Shanghai, China, found all participants to contain PFAS in their blood at different concentrations (Tian et al., 2018). Further, PFAS were also found to be ubiquitous in infants in West Africa (Sørensen et al., 2023). The global threat posed by these pervasive chemicals is exacerbated by their association with multiple exposure pathways.

Two of the oldest and most commonly employed PFAS, perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), have been listed in the annexes of the Stockholm Convention on Persistent Organic Pollutants (POPs) since 2009 and 2019, respectively (European Union Reference Laboratory for Halogenated POPs in Feed and Food, 2022). PFOS is listed under Annex B aiming for the restriction of production and use of chemicals, whereas PFOA is listed under Annex A which aims to eliminate production and uses completely (Stockholm Convention, 2019). Additionally, PFOS is on the List of Chemicals for Priority Action associated with the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR). Several of PFOS precursors are also included in the OSPAR List of Substances of Possible Concern (OSPAR Commission, 2013). The recommendation by OSPAR is to take proactive steps in studying various PFAS in the marine environment and staying alert for new findings in their designated area, while focusing on evaluating eco-friendly alternatives to replace these substances.

In October 2020 the European Commission published a Chemicals Strategy for Sustainability Toward a Toxic-Free Environment aiming to implement tangible actions to increase the level of protection of public human health and the environment from hazardous chemicals (European Commission, 2020). The strategy sets the goal of transforming the EU industry via the production and consequent use of safe and sustainable chemicals. In doing so, the criteria for essential uses of certain substances will be redefined “to ensure that the most harmful chemicals are only allowed if their use is necessary for health, safety or is critical for the functioning of society and if there are no alternatives that are acceptable from the standpoint of environment and health” (European Commission, 2020, p. 10).



2 PFAS REACH restriction proposal

International efforts are being made to restrict the use of PFAS in order to reduce their release into the environment and subsequent transfer into the food chain. A restriction proposal under the Regulation for Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) (European Parliament and Council of the European Union, 2006) was prepared and made available to the European Chemicals Agency (ECHA) at the beginning of 2023 by five EU authorities (Denmark, Germany, the Netherlands, Norway and Sweden). The restriction proposal, which is under consideration, would apply to any product containing PFAS, including food and food contact materials. The basis for this proposal is the concern in relation to the properties of PFAS chemicals, in particular their very high persistence and mobility within the environment, which could progressively lead to harmful exposure for biota and humans via soil, water, air and the pertinent food chains. Other properties of concern are their long-range transport potential, bioaccumulation, and endocrine activity and toxicity. Figure 1 shows the lifecycle of the emissions from PFAS from their origin at production sites to subsequent uses and product end-life disposal and waste recycling, including the exposure pathways to environmental and human health. PFAS also have been found in recycled bedding materials used in poultry farms, whereby these chemicals have subsequently made their way into the eggs and tissues of chickens entering the food market (Fernandes et al., 2023). Consequently, the presence of PFAS in products recovered from former waste could deeply affect safe and sustainable feed and food production in a circular economy approach.

[image: Figure 1]

FIGURE 1
 The lifecycle of PFAS emissions. Created partially with BioRender.com.




3 European policy on PFAS in food, feed, and drinking water

According to the risk assessment carried out by the European Food Safety Authority (EFSA) on the human health risks associated with the presence of perfluoroalkyl contaminants in foodstuffs, the tolerable weekly intake for the sum of PFAS, represented by PFOS, PFOA, perfluorononanoic acid (PFNA) and perfluorohexane sulfonic acid (PFHxS), is 4.4 ng/kg body weight (EFSA CONTAM Panel et al., 2020). It is of concern that the exposure to these chemicals in certain parts of Europe exceeds this level (EFSA CONTAM Panel et al., 2020). Regulation (EU) 2023/915 sets separate maximum levels for PFOS, PFOA, PFNA, and PFHxS, and the sum of the four PFAS in animal and fish meat (European Commission and Directorate-General for Health and Food Safety, 2023). It has also been recommended to monitor other PFAS with different alkyl chains in a broad range of foodstuffs including fruits, vegetables, cereals, food for infants and young children, wine, beer and non-alcoholic drinks, among others (European Commission and Directorate-General for Health and Food Safety, 2022b). Table 2 showcases a list of over 20 PFAS compounds structurally similar to the identified significant PFOS, PFOA, PFNA, and PFHxS recommended for monitoring by the EU member states. In addition, arising PFAS substitutes need to be taken into account such as DONA, GenX, F-53B, Capstone A, and Capstone B (European Union Reference Laboratory for Halogenated POPs in Feed and Food, 2022).



TABLE 2 PFAS compounds similar to PFOS, PFOA, PFNA, and PFHxS with high occurrence in food, drinking water and human serum.
[image: Table2]

The sampling and analytical methods for the official control of perfluoroalkyl substances in food are laid down in Regulation (EU) 2022/1428 (European Commission and Directorate-General for Health and Food Safety, 2022a). Target limits of quantification (LOQs) are displayed in Table 3 (European Commission and Directorate-General for Health and Food Safety, 2022b).



TABLE 3 Targeted limits of quantification for the monitoring of the four main PFAS compounds in food.
[image: Table3]

The maximum regulatory levels proposed by the European Commission are of concern as the contamination of food products of animal origin may be a result of bioaccumulation of existing PFAS levels in feed consumed by those animals (European Commission and Directorate-General for Health and Food Safety, 2022c). In January 2023, Danish organic eggs from large commercial farms around Denmark were found to be contaminated with PFAS as a result of contamination in fishmeal contained in chicken feed (DTU National Food Institute, 2023). Subsequent exposure to children is of high concern, as the consumption of only 2.5 organic eggs per week would exceed the tolerable weekly intake proposed by EFSA. Another concern is associated with the sensitivity of current methods of analysis of PFAS levels in feed. Therefore, it is difficult to establish the maximum PFAS levels in feed which would not lead to the exceedance of maximum levels in food. Although it has been acknowledged that present analytical methods require further development for setting these values, there are bigger challenges associated with the management of risks posed by feed. There exists a series of variables that have not been studied in detail which are linked to the uptake of PFAS in feed materials or products. Firstly, there may be some variation in PFAS levels in specific feed materials due to species, origin, season or production method. Secondly, variable amounts may be transferred from feed to food producing animals and their products. Thirdly, variable sensitivity of animals to PFAS and the duration of the contamination in their body. Finally, there is a lack of specific knowledge of many of the PFAS substances. Until more scientific evidence is available on these issues, the solution is to reduce or eliminate the sources of contamination, so feed does not represent a danger to human, animal health or the environment.

PFAS contamination is ubiquitous and as such, it also affects drinking water to a large extent. Not only that, but water is also used and consumed in food production as well as manufacturing and home cooking. Directive (EU) 2020/2184 on the quality of water intended for human consumption set maximum levels for PFAS in drinking water, although these parametric values would not be enforced until the year 2026 (European Parliament and Council of the European Union, 2020). The maximum level for the sum of a subset of 20 PFAS of concern (see Table 2 excluding PFTeDA and FOSA) is 0.1 μg/L, whereas the limit for the totality of PFAS present is 0.5 μg/L. By 2024, the European Commission shall establish technical guidelines with respect to sampling frequency, detection limits and analytical methods. As mentioned above, there is an absence of regulatory levels in force in both feed and drinking water to date. Nonetheless, monitoring of perfluoroalkyl substances using reliable methods of analysis should be the focus of food business operators to ensure food safety in the years to come.

In low-income countries, the regulation and monitoring of contaminants in food may be limited when compared to more affluent states. Factors such as insufficient infrastructure, lack of resources or enforcement of standards, and competing priorities may contribute to challenges in adequately addressing PFAS contamination. In general, global standards for drinking water lack universal acceptance, and only in the USA and EU are water specifications considered mandatory (Whitehead, 2020). In the EU, there is a collective standard, but individual member states can add restrictions without weakening it. In the USA, local authorities can enhance the national standard. Elsewhere, guidelines are non-enforceable with varying targets, depending on local conditions. Water quality specifications differ widely between regions and countries, reflecting unique concerns and issues. In the case of PFAS, the USA proposed enforceable Maximum Contaminant Levels for six PFAS (US EPA, 2023), the EU updated safety standards under the revised Drinking Water Directive, and the UK follows a precautionary approach with no statutory standards but tiered guideline values (DWI, 2022). Contrary to this, certain parts of Asia are still in the early stages of PFAS awareness and regulation (Baluyot et al., 2021). International organizations, non-governmental organizations, and research institutions may play a role in supporting low-income countries in assessing and mitigating the impact of PFAS on food safety, taking into consideration that many Western guidelines may not be totally applicable across countries in the Middle East and Asia due to differences in diets, as well as the ways that food products and drinking water are sourced (Baluyot et al., 2021).



4 PFAS analytical methods

As has been made evident above, it is crucial to monitor and address PFAS contamination at all points in the PFAS emissions lifecycle, due to the widespread nature of these chemicals. The standard analytical methods, such as ISO 21675 (2019), US EPA 533 (2019), US EPA 537.1 (2020), US EPA Draft Method 1,633 (2021), ASTM D7979-19 or DIN 38407–42 (2011) (Winchell et al., 2021; Nahar et al., 2023; Ogunbiyi et al., 2023), used for PFAS testing are based on chromatographic techniques coupled with mass spectrometry (Getzinger and Ferguson, 2021; Ganesan et al., 2022). (Ultra) High performance liquid chromatography [(U)HPLC] coupled to low resolution, high resolution or tandem mass spectrometry (MS/MS) is the recommended method by the European Union Reference Laboratory for halogenated POPs in feed and food for PFAS analysis (European Union Reference Laboratory for Halogenated POPs in Feed and Food, 2022). The suggested instrumentation consists of a C18 LC column packed with solid phase particles, and a mass spectrometer capable of electrospray ionization in the negative ion mode. In regard to sample preparation, the sample material needs to be homogenized carefully to not introduce secondary contamination, followed by PFAS extraction, and subsequent (U)HPLC–MS analysis. No AOAC International official method for PFAS in foodstuff has been published yet, leading to disparities in result consistency across commercial testing laboratories covering PFOS, PFOA, PFNA, and PFHxS analysis (Delatour et al., 2023). However, at the time of writing, an AOAC integrated project was underway to define Standard Method Performance Requirements for PFAS in foods (AOAC International, 2022). Additionally, US EPA Method 1,633 is under draft for the determination of PFAS in aqueous, solid and tissue samples. The results of these projects would contribute to the development of analytical metrics for both screening and confirmatory methods.

The main challenges in mass spectrometry analysis arise due to the low target LOQs and the high sensitivity required to achieve those. Another challenging factor is the presence of several compounds with different properties and different sources of environmental contamination. Additional critical key issues linked with PFAS analysis are background contamination from other laboratory equipment or consumables (e.g., solvents, detergents, glassware, aluminum foil, lubricants, Decon 90, Teflon tubing used in (U) HPLC and sample extraction instrumentation, etc.), as well as quantification of the sum of linear and branched isomers as a result of the ECF synthesis of PFOS-related substances (European Union Reference Laboratory for Halogenated POPs in Feed and Food, 2022).

LC–MS and LC–MS/MS are targeted techniques which require analytical standards. As the list of chemical compounds classified as PFAS is in the thousands, the limited availability of reference standards, currently only available for a small subset, reduces the effectiveness of a targeted approach. Targeted techniques also measure only those substances for which the MS instrumentation has been calibrated and so fail to identify all PFAS substances present in the sample, therefore underestimating the full extent of PFAS contamination. Hence, it could be beneficial to make use of non-targeted methods (Strynar et al., 2023) such as non-target liquid chromatography-high resolution mass spectrometry, Adsorbable Organic Fluorine, Extractable Organic Fluorine, Total Oxidizable Precursor Assay (Göckener et al., 2023) or Total Organic Fluorine Assay. These methods quantify the presence of fluorine atoms within a sample. Nonetheless, although these chromatographic non-targeted methods can be used for water samples, food and feed samples represent a more challenging matrix. Another method that can be used for total PFAS detection are bioassays similar to the ones currently accepted for dioxins (Eichbaum et al., 2014; European Commission and Directorate-General for Health and Food Safety, 2017). Bioassays measure the biological responses of certain strains of bacteria or cell cultures via signal transduction pathways when exposed to chemicals (Tian et al., 2012). In this case, the bioassay does not determine concentrations of PFAS, but the effect of any bioactive PFAS which would, in turn, give a positive response. At present, bioassays are not a realistic possibility as regulations for food do not consider relative potency factors. Moreover, these methods are costly, limited in their transferability between laboratories and can often give false positives due to other contaminants being present in the sample.

While MS methods are highly sensitive and accurate, they are also time-consuming, expensive, and require specialized equipment and trained personnel. In contrast, biosensors such as lateral flow assays offer a promising alternative for PFAS detection as they are typically faster, cheaper, and easier to use than traditional methods, and they can be designed for on-site, real-time detection, which is crucial for effective environmental management and immediate response to contamination events (Huang et al., 2019). A non-exhaustive list of currently available sensor technologies for PFAS detection is displayed in Table 4. Recent efforts in biosensing applications are also focused on the use of binding proteins or protein bioreceptors for the detection of PFAS (Moro et al., 2020; Daems et al., 2021; Mann et al., 2022; Kowalska et al., 2023). The development of biosensors for PFAS detection, particularly in complex food matrices remains a challenge, as current efforts for end-product sensor development in the field focus heavily on water samples as their target analyte (Rodriguez et al., 2020; Garg et al., 2022).



TABLE 4 List of available sensor technologies for PFAS detection.
[image: Table4]



5 Mitigation

PFAS remediation processes for contaminated drinking water are difficult and costly to implement (Brunn et al., 2023). Strategies should focus on regulating the use of PFAS in consumer products to minimize the appearance of these chemical substances at the contamination sources (Voulgaropoulos, 2022). Initial legislative steps toward this goal are already being taken via the implementation of maximum levels in drinking water and foodstuffs. Nonetheless, water purification treatments should be a priority until the effects of recent policies and regulations begin to materialize. PFAS removal technologies for water systems consist of diverse approaches, such as granular activated carbon, reverse osmosis, nanofiltration or ion exchange resins (Voulgaropoulos, 2022; Brunn et al., 2023). All of these processes have limitations and are largely ineffective in removing PFAS from water. Granular activated carbon is ineffective for short-chain PFAS. Ion exchange resins, although more efficient, are more expensive as loading volumes are small and regeneration is restricted (US EPA, 2018). Reverse osmosis is energy-intensive and often not as effective. An alternative to purification is PFAS degradation. Advances in this field have increased as the extent of PFAS pollution becomes more apparent. Degradation of PFAS can occur as a result of defluorination or biotransformation caused by a number of microbial species and their enzymes. Examples of bacteria capable of microbial degradation are Pseudomonads, Acidimicrobium sp., and Gordonia sp. (Huang and Jaffé, 2019; Berhanu et al., 2023). An active sludge community in anaerobic conditions can also be used for PFAS biodegradation (Yu et al., 2022). Microbial degradation, although promising, still requires more work on identifying robust microorganisms and enzymes that can degrade PFAS in a targeted way (Berhanu et al., 2023). Thermal methods are another type of treatment processes used for the removal of PFAS (Winchell et al., 2022). These include microwave hydrothermal treatment, subcritical or supercritical treatment, electrical discharge plasma technology, or incineration, among others (Verma et al., 2023). These processes show good results at a laboratory scale but their applications in the real world still need to be investigated. Additional limitations are by-product formation, poor performance and high energy consumption (Verma et al., 2023). Oxidative and reductive processes can also be used as a mechanism for PFAS mitigation (Gar Alalm and Boffito, 2022). Electrochemical oxidation (Wang et al., 2022; Barisci and Suri, 2023; Mirabediny et al., 2023) as well as UV photolysis (Chen et al., 2022) are some of those methods which are gaining popular attention. Their efficiency depends on the chemical structure of the PFAS to be destructed. On top of that, nanomaterials are being explored for the elimination of PFAS (Saleh et al., 2019; Modiri-Gharehveran et al., 2023). Although all of these processes would serve a purpose of PFAS remediation, they could also have a detrimental effect on the environment, failing to restore the polluted sites to their original state (Buttle et al., 2023). Combinations of different techniques and further research will point us in the right direction for targeted PFAS degradation in complex matrices, being mindful of careful optimization and the formation of co-contaminants in the process.

One of the critical global environmental and public health challenges is the concentration of PFAS in wastewater biosolids, which is exacerbated by wastewater treatment plants aggregating these substances (Thompson et al., 2022). Crucially, treatment processes such as anaerobic digestion can transform PFAS precursors into more harmful terminal end compounds subject to regulation, which persist in biosolids applied to land (Lenka et al., 2021; O’Connor et al., 2022). This cycle poses a risk of PFAS accumulation in soil and crops, underscoring the need for advanced treatment methods and regulatory control to mitigate food chain contamination (Link et al., 2024). There are many understudied variables linked to PFAS uptake in feed materials and products such as the transfer of variable PFAS amounts from feed to animals and products; variation in PFAS feed levels due to species, origin, season, and production method; animal sensitivity and contamination duration; and limited knowledge of PFAS substances. To ensure food safety and sustainability, it is crucial to reduce or eliminate PFAS sources in feed to protect human and animal health, as well as the broader environment, until more scientific evidence is available. Furthermore, in certain foodstuffs such as seafood, studies have reported that cooking methods such as boiling, frying and baking do not reduce the concentration of PFAS (Taylor et al., 2019; Chen et al., 2023). Surprisingly, in some cases, the cooking actually increased the concentration of the sum of PFAS in seafood, increasing the risks of dietary exposure of these chemicals.

Due to the large extent of PFAS occurrence in foodstuffs, combined with the low legislative maximum levels of detection, there is a possibility that PFAS contamination will be present in all tested foods as official standard analytical methods become more readily available. In this scenario, researchers and policymakers are faced with an uneasy question: Would the recommended course of action be to destroy all the contaminated food above regulatory PFAS limits? This solution would not be sustainable in a world where the population in need of food is estimated to grow exponentially. There needs to be a way to ensure sustainability in the current food system while dealing with and mitigating the PFAS problem. The use of PFAS-free feed sources would be a crucial step in this process. Further scientific evidence in relation to PFAS and feed would help to better understand PFAS behavior in the food chain and develop mitigation strategies accordingly. Additional measures would involve the implementation of strict control and monitoring of PFAS-containing products entering the food chain, regulatory oversight to enforce legislation on PFAS maximum levels, safe husbandry practices, providing education and awareness among stakeholders, and fostering collaboration between agriculture, food industry and regulatory bodies to adapt and implement the best mitigation strategies possible. Moreover, the challenge of PFAS contamination takes on a different dimension in low-income countries, as these regions often lack the infrastructure and resources to effectively monitor and manage such contaminants. The limited availability of advanced analytical methods for detecting PFAS compounds exacerbates the issue, potentially leading to higher exposure levels in local food supplies. Furthermore, the economic constraints and dependence on agricultural outputs make it difficult for these countries to discard contaminated foodstuffs, as doing so could aggravate food insecurity and economic hardships. In addition, the trend of high-income countries importing high-quality food from low-income countries presents a complex dilemma in the context of PFAS contamination. This practice could lead to a situation where low-income countries are incentivized to export their best produce, potentially leaving lower quality, and possibly more contaminated, foodstuffs for local consumption. This dynamic not only raises concerns about food safety and equity but also about the sustainability of food systems, as developing nations might face increased pressure to meet export demands while grappling with contamination issues. In these settings, sustainable approaches to the PFAS problem are not only crucial but also need to be tailored to local capacities and realities. This includes developing cost-effective methods for PFAS detection and remediation, strengthening regulatory frameworks, and enhancing local expertise and awareness about PFAS risks. International cooperation and support are vital to establish sustainable strategies for managing PFAS contamination, ensuring that measures taken do not compromise food security and livelihoods while safeguarding public health and the environment.



6 Conclusion

PFAS assessment and management requires holistic and cross-cutting approaches combined with novel analytical tools in a more dynamic legislative framework. There is still a need for the development of standardized reliable sensitive and cost-effective methods for the detection of sub-nanogram levels of PFAS in complex food matrixes (Garg et al., 2022). Both targeted and non-targeted screening procedures should be further evaluated in order to broaden the control and monitoring of the vast number of per- and polyfluoroalkyl substances in the environment. In addition, a greater understanding of the occurrence of these compounds is required and without highly sensitive inexpensive analytical tools this can only be performed in limited laboratories specializing in this area of work. The ultimate goal is to both minimize PFAS exposure and ensure a sustainable food supply. This requires a multi-faceted approach involving regulatory, industry, and consumer efforts.
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Recent advances in foodborne pathogen detection using photoelectrochemical biosensors: from photoactive material to sensing strategy
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Rapid assessment and prevention of diseases caused by foodborne pathogens is one of the existing food safety regulatory issues faced by various countries, and it has received wide attention from all sectors of society. When the content of foodborne pathogens in food is higher than the limit standard and spreads in a certain way, it can cause disease outbreaks, which seriously threaten human health or life safety. Developing a novel method to detect foodborne pathogens accurately and rapidly is significant. Because of the limitations of complex steps, time-consuming, low sensitivity or poor selectivity of commonly used methods, a photoelectrochemical (PEC) biosensor based on electrochemistry is developed. Its advantages include a low background signal, fast response and simple operation. It also has broad application prospects for sensing, which has attracted wide attention. However, an organized summary of the latest PEC biosensors for foodborne pathogen sensing has not been reported. Therefore, this review introduces the recent advances in foodborne pathogen detection using PEC biosensors as follows: (i) the construction of PEC biosensors, (ii) the research status of PEC biosensors for the detection of foodborne pathogens and (iii) the direction of future development in this field. Hopefully, the study will provide some insight into developing more mature bio-sensing strategies to meet the practical needs of foodborne pathogen surveillance.

Keywords
 foodborne pathogens; photoelectrochemical; biosensors; detection; food safety


1 Introduction

Foodborne pathogens are microorganisms that enter humans or animals via ingestion and cause infectious or toxic diseases (Schirone et al., 2019). Foodborne diseases are an ongoing and worldwide public health problem, seriously endangering human life. According to a report by the World Health Organization in June 2021, up to 600 million cases of foodborne diseases are reported every year. About one in 10 people get sick from eating contaminated food, and the situation of foodborne diseases is more severe in developing countries than in developed countries (Todd, 2020). Food safety has become a hot topic of common concern across the whole of society (Scharff et al., 2016). Although the government is highly concerned about this issue, foodborne illnesses remain stubbornly high. The Centers for Disease Control and Prevention (CDC) estimates that one in six people in the United States are affected each year, and that up to 3,000 die from eating contaminated food (Scallan et al., 2011).

Common foodborne pathogens include Listeria monocytogenes (Taylor et al., 2019; Vongkamjan et al., 2017; Capita et al., 2019), Staphylococcus aureus (S. aureus) (Kümmel et al., 2016; Li et al., 2022; Argudín et al., 2012), Vibrio parahaemolyticus (Miles et al., 1997; Sun et al., 2016; Li LingZhi et al., 2019), Salmonella (Paniel and Noguer, 2019; Pye et al., 2023; Han et al., 2017) and Escherichia coli (E. coli) (Leng et al., 2022; Munekata et al., 2020; Lima et al., 2017) (Table 1). These pathogens have different tolerance to the external environment, and the foods they contaminate also differ (Guldimann and Johler, 2018). The prevention of foodborne diseases is mainly achieved by washing food, and keeping raw from cooked foods separate (Todd, 2020; Palomino-Camargo et al., 2018). Nevertheless, pathogenic bacteria can still enter processed foods at the packaging, transportation and marketing stages, making it challenging to eliminate contamination through these means. As a result, there is a need to focus on methods for rapid and early detection of pathogenic bacteria to significantly reduce the incidence of foodborne diseases.



TABLE 1 Common foodborne pathogens and their distribution in possible food category.
[image: Table1]

Currently, traditional detection methods for foodborne pathogens include microbial and immunological detection (Liu et al., 2023; Xu et al., 2021). These methods can be used for the qualitative and quantitative detection of foodborne pathogens with reliable results. However, they are labor-intensive and time-consuming (Hao and Wang, 2016). In recent years, many optical biosensors have been used for the detection of foodborne pathogens (Xu et al., 2021, 2023), such as fluorescent (FL) biosensors (Liu et al., 2021), colorimetric (CL) biosensors (Zhu S. et al., 2021) and surface-enhanced Raman scatting (SERS) biosensors (Chen et al., 2017). FL biosensors are highly sensitive, but the instrument is very expensive (Liu et al., 2022). CL biosensors enable rapid detection, while their sensitivity is easily limited by color changes (Acunzo et al., 2022). SERS biosensors are simple to operate, but SERS probes are easily affected by the environment, resulting in signal fluctuations (Zhu et al., 2023). Compared with optical biosensors, electrochemical (EC) biosensors have the advantages of high sensitivity and low detection limits, and they have been increasingly used to detect foodborne pathogens (Wang J. et al., 2024; Yu et al., 2021; Wang B. et al., 2023). In particular, photoelectrochemical (PEC) biosensors developed based on EC biosensors have been widely explored in pathogen detection due to their advantages of high sensitivity, simple apparatus, quick detection and low cost (Ding et al., 2021; Zhang Z. et al., 2021). Some reviews have focused on the progress in PEC bio-sensing technologies and their applications for detecting various analyzes, such as metal ions, tumor markers, nucleic acids and antibiotics (Shi et al., 2022; Zhao et al., 2016; Bettazzi and Palchetti, 2018; Dong et al., 2022). Although PEC biosensors have been successfully used for the detection of foodborne pathogens (Wang X. et al., 2024; Ma et al., 2023; Yang G. et al., 2020; Yang H. et al., 2020; Jiang et al., 2024; Zhao et al., 2024; Chen et al., 2024), as far as is known, there has been no review of PEC biosensors for monitoring foodborne pathogens. Accordingly, this paper reviews the application of PEC biosensors in detecting foodborne pathogens. As shown in Figure 1, this review introduces the principle of the PEC biosensor. It summarizes the research progress of the PEC biosensor in the detection of foodborne pathogens in recent years, including the design of photoactive materials (such as improving the photoelectric conversion efficiency of photoactive materials and broadening the spectral absorption of photoactive materials) and optimization of sensing strategies (such as interface regulation, signal amplification and dual-signal output). Meanwhile, the development prospects and challenges of the PEC biosensor in detecting foodborne pathogens have been discussed in detail. Hopefully, this review provides broad applications and beneficial insights for scientists in diverse fields, including food safety monitoring, drug detection, medical diagnosis and environmental monitoring.
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FIGURE 1
 Summary and perspectives of PEC biosensors for monitoring foodborne pathogens.




2 Brief overview of PEC biosensors


2.1 The principle of photocurrent generation

The PEC method is an emerging analytical technique based on EC, which interfaces with many disciplines, such as optics, electrochemistry, surface science and solid-state physics (Zhao et al., 2014; Sun et al., 2022; Zhao et al., 2015). It is generally believed that photoactive materials can absorb photons with sufficient energy to produce electron–hole pairs. The created carriers are then transferred to the electrodes, which generate an electrical signal in the electrolyte and convert energy through the redox reaction involved. These unique properties of photochemistry have resulted in its widespread use in energy harvesting and environmental pollution mitigation (Lv et al., 2022; Dong et al., 2020).

Notably, the PEC sensor is an innovative and promising technology that integrates PEC processes and sensing. Its underlying principle is that when the surface of the photoactive materials (semiconductor materials, organic photoelectric materials, noble metals with various nanostructures, etc.) is irradiated such that the energy of the exciting light is greater than or equal to the band gap width of photoactive material, photo induced electron transfer reaction will occur in the photoactive material (Ge et al., 2019). The separation of electron–hole pairs occurs when electrons transition from the valence band (VB) to the conduction band (CB). This makes the excited photogenerated electrons unstable, and some will be transferred to the electrode surface or electrolyte. In contrast, others recombine the photogenerated holes of the VB. If the photogenerated electrons at the CB are transferred to the electrode surface, an anode photocurrent is generated. A cathode photocurrent is generated if the photogenerated electrons at the CB are transferred to the electrolyte and consumed by the electron acceptors in the electrolyte.

The generally accepted PEC mechanism consists of four successive steps: (i) the absorption of photons, (ii) the separation of electron–hole pairs, (iii) the migration and recombination of electron–hole pairs and (iv) the utilization of electron–hole pairs. This process involves the generation of electrical signals at the interface and active participation in redox reactions (Sivula and van de Krol, 2016; Zang et al., 2017). The cumulative effect of these processes determines both the photoelectric conversion efficiency and the strength of the output signal (Figure 2A). When the concentration of the target changes, the electrical signal will change accordingly, so the target can be quantitatively detected through the change in the PEC signal. Current PEC sensors are basically amperometric biosensors (Wang et al., 2018). The presence of the analyte can cause a change in the photoactive material or electrolyte environment, which can affect one or more of the above processes. This results in a change in the PEC signal and facilitates the quantitative analysis process. Therefore, the detection signal can be processed by a variety of methods, which provide an effective way to detect different targets (Shu and Tang, 2019).

[image: Figure 2]

FIGURE 2
 (A) Electron–hole generation and transfer as well as possible recombination pathways on the photoelectrode: (i) photon absorption, (ii) electron transfer, (iii) electron–hole recombination. (iv) For n-type semiconductors, the electrons in the CB flow to the electrode and the photogenic holes in the VB oxidise the reducing substance in the electrolyte to produce the anode photocurrent. (v) For p-type semiconductors, the electrons of the electrode flow to the photogenerated holes in the VB and the photogenerated electrons in the CB reduce the oxidising substances in the electrolyte, resulting in the cathode photocurrent. (B) Composition of PEC detection system.




2.2 Composition and characteristics of the PEC biosensor

The PEC detection system is shown in Figure 2B. This system consists of three parts: an excitation light source, a test device (three-electrode system and electrochemical workstation) and a signal output device (Shu and Tang, 2019). Compared with EC biosensors, PEC biosensors have two key elements: (i) photoactive materials (Dini et al., 2016; Yan et al., 2021) and (ii) bio-recognition elements (Mitsubayashi et al., 2022; Cesewski and Johnson, 2020). Photoactive materials have a photoelectric conversion effect. Bio-recognition elements include enzymes, antibodies and nucleic acids.

In PEC detection, light is used as the excitation source to excite the photoactive substance, and the electrical signal generated by photoexcitation is the detection signal. Because the excitation signal and detection signal of the PEC process belong to different energy forms, the background of the sensing signal is lower than that of the traditional electrochemical method, and the high signal-to-noise ratio is conducive to further reducing the detection limit (Jiang et al., 2021). Due to the uniqueness of the bio-recognition elements, a specific biological reaction occurs with the target. The electrochemical workstation and signal output device are easy to integrate and miniaturise, so the technology has the numerous benefits of simple operation, fast response and portable equipment (Fu et al., 2020; Tao et al., 2023).




3 Construction of PEC biosensors for sensitive detection of foodborne pathogens

Establishing a rapid and sensitive PEC analytical method is one of the important means of ensuring global food safety and minimizing public health problems. Currently, most studies on the PEC detection of foodborne pathogens mainly focus on improving the performance of photoactive materials and optimizing sensing strategies, as shown in Table 2.



TABLE 2 Characterization of PEC analytical properties based on different photoactive materials or signal amplification strategy for the determination of foodborne pathogens.
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3.1 Improving the performance of photoactive materials

The critical part of a PEC biosensor is the photoelectric conversion unit. Therefore, selecting the photoactive material is a key factor in the sensing performance of a PEC sensor. To date, different types of photoactive materials with distinct energy levels have been effectively utilized to develop PEC biosensors. For example, inorganic semiconductor materials (metal oxides and metal sulphides, etc.) (Wang et al., 2018; Zhu et al., 2019; Shu et al., 2018), organic small molecules, organic polymers and other common organic semiconductor materials (Zhu et al., 2015; Haddour et al., 2004; Zhou et al., 2019), graphite-phase carbon nitride, metal–organic frameworks, perovskites, quantum dots (QDs) and other new photoactive materials (Yang X. et al., 2019; Zhang G. et al., 2018; Li et al., 2019; Shi et al., 2018) have attracted extensive research interest due to both their optical and electrical-related properties. However, due to the shortcomings of a single photoactive material, such as a wide band gap, poor photon absorption ability or toxicity, it is challenging to meet the requirements for actual analysis and testing. Thus, it is necessary to improve the performance of photoactive materials to obtain high photoelectric conversion efficiency by speeding up electron transfer and broadening spectral absorption.


3.1.1 Improving the photoelectric conversion efficiency of photoactive materials

As mentioned above, to address these shortcomings of a single photoactive material, various strategies have been employed to improve the photoelectric conversion efficiency of individual semiconductors, such as doping heteroatoms or forming semiconductor heterojunctions (Sheng et al., 2020; Li et al., 2024). Element doping in the photoactive material effectively regulates the semiconductor energy band, reducing the band gap energy and inhibiting photogenerated electron–hole pair recombination (Raut et al., 2017). For example, Hou et al. (2021) combined rare earth-doped Bi2WO6 and Ag2S as photoactive materials. The doped rare-earth ions in the Bi2WO6 matrix can effectively inhibit the recombination of photogenerated electron–hole pairs and improve the photocurrent response of Bi2WO6, thereby developing a PEC aptasensor for the detection of Vibrio parahaemolyticus (Figure 3A). The constructed PEC aptasensor exhibited excellent specificity, stability and reproducibility. By co-doping TiO2 with Ho3+ and Yb3+, Hao et al. (2019) broadened the spectral response range of TiO2 to the infrared region, improved the photocurrent response of TiO2 and realized the sensitive detection of Vibrio parahaemolyticus. At the same time, building a heterostructure with two semiconductors is considered one of the most popular methods for obtaining photoelectrodes with the desired properties (Low et al., 2017). Band structure and energy level matching are the main considerations in constructing semiconductor–semiconductor heterojunctions (Long et al., 2021). Zhao et al. (2024) modified Bi2S3 through continuous ion layer adsorption and reaction on the WO3 electrode surface to form heterojunction, reduced electron–hole pair complexation and realized rapid detection of E. coli. Yang et al. (2019) synthesized ZnS/CdS heterojunction nanoparticles by electrodeposition on an ITO electrode in one pot, achieving the sensitive detection of S. aureus. The linear range of PEC detection for S. aureus is 1.0 ~ 4.0 × 103 CFU/mL under ideal circumstances. The detection of S. aureus in the milk and juice samples was effectively accomplished using the proposed method (Figure 3B). These results indicate that this is an effective strategy to enhance the photocurrent signal by element doping or forming a heterojunction. In addition, it is expected to further improve the performance of PEC biosensors by introducing new doping elements (such as lanthanide) (Arumugam et al., 2022) or constructing new heterojunctions (such as S-type heterojunctions) (Xiao et al., 2023).
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FIGURE 3
 (A) Schematic diagram of photogenic electron transfer mechanism of aptamer sensor (Hou et al., 2021). (B) Illustration of the PEC detection of S. aureus (Yang H. et al., 2019). (C) Schematic of the PEC process on a GMS-modified electrode (Ge et al., 2022). (D) PEC response of UCNPs@SiO2@Ag/C-g-C3N4 under NIR light (980 nm) and the fabrication process of a PEC sensor for the detection of E. coli (Yin et al., 2022). Ascorbic acid (AA), cysteine (Cys), rGO-MoS2 sheets (GMS), up-converting nanophosphors (UCNPs), bovine serum albumin (BSA).




3.1.2 Widening the optical absorption range of photoactive materials

Up to now, plenty of efforts have been devoted to investigating photosensitive materials. Most current PEC sensors are excited by ultraviolet–visible (UV–Vis) light (Chen et al., 2020), which hampers their future applications in bioanalysis (e.g., in vivo detection) due to the intrinsic limitation of short penetration of UV/Vis light. The efficient utilization of sunlight, especially wavelengths in the near-infrared (NIR) region, is particularly important for PEC biosensors, as NIR light accounts for the largest proportion of sunlight, at nearly 50% (Hsieh et al., 2020). In contrast to UV light, NIR light exhibits minimal phototoxicity and is highly compatible with living organisms. This advantageous biocompatibility makes NIR light an ideal choice for PEC biosensors that involve the detection of biological macromolecules (Lv et al., 2020). NIR PEC sensing materials have mainly been divided into direct NIR photoactive materials and indirect NIR photoactive materials (Yang et al., 2021). Direct NIR photoactive materials were constructed using narrow-bandgap photoactive materials, and indirect NIR photoactive materials were constructed using up-conversion nanomaterials.

The semiconductor bandgap directly affects the light efficiency of a photocatalysis reaction. A semiconductor with a wider bandgap can absorb higher-energy photons. As the semiconductor absorbs short wavelengths of light with high photonic energy, it can take advantage of only the smaller range of the solar spectrum concentrated in the UV region. Conversely, a semiconductor with a narrower bandgap can absorb lower-energy photons. Narrow-bandgap semiconductors absorb long wavelengths of light, thus utilising the solar spectrum from the Vis region to the NIR region (Feng et al., 2022). Therefore, controlling the narrow bandgap of semiconductors benefits the absorption of NIR light. Ge et al. (2022) reported an NIR-response PEC immunosensor for the ‘on’ analysis of E. coli O157:H7 under 980 nm light irradiation (as shown in Figure 3C). The form of narrow-band gap MoS2 is regulated by rGO to promote carrier generation and migration. On the sensing platform, E. coli O157:H7 was detected in concentrations ranging from 5.0 ~ 5.0 × 106 CFU/mL, and the LOD was only 2.0 CFU/mL. Subsequently, this research group combined NIR-responsive materials with polar-flipping strategies in their follow-up work, expanding the scope of application of NIR-responsive PEC materials (Ge et al., 2023).

The construction of the indirect NIR PEC sensor is based on the inverse Stokes effect of the up-conversion material, which converts incident light with long wavelengths into emitted light with shorter wavelengths (Sakamoto et al., 2022). Due to its long luminous life, strong optical stability and large anti-Stokes displacement, the up-conversion material can be introduced from FL to the PEC sensing field as a light source converter (Wang G. et al., 2023). Combining it with appropriate PEC active materials can establish an indirect NIR PEC sensing platform. Yin et al. (2022) established an NIR PEC sensing platform for the ultra-sensitive detection of E. coli O157:H7 by assembling a flexible conducting paper electrode with core-shell up-converting nanophosphors (UCNPs)@SiO2. As shown in Figure 3D, the presence of Ag nanoparticles significantly boosted the up-conversion luminescence of the UCNPs, promoting the separation and transport of photoelectrons through local surface plasmon resonance effects. The NIR PEC sensor successfully detected E. coli O157:H7 with a detection limit as low as 2.0 CFU/mL. It was effectively utilized to determine the presence of E. coli O157:H7 in contaminated pork, cabbage and milk samples. In the past two decades, the PEC analysis has received extensive attention and has made significant progress. However, research on NIR PEC sensing is still in its initial stage. Future research could focus on developing new NIR light-responsive materials and miniaturized photoelectrodes and further applying them to foodborne pathogen analysis.




3.2 Optimising the sensing strategy

In addition to preparing photoactive materials, the design of the sensing strategy is another key aspect that determines the performance of a constructed PEC sensor. At present, in the construction of various PEC biosensors, sensing strategies can be divided into three categories: (i) interface regulation, (ii) signal amplification strategy and (iii) signal output mode.


3.2.1 Interface regulation

The interface interaction in the PEC analysis was directly correlated with the performance of the PEC system. Precisely regulating the interface holds significant importance in achieving accurate detection, mainly through the control of the sensor recognition interface and the photoelectric conversion interface of the sensor (Kuang et al., 2017). For the recognition interface of a sensor, selecting a suitable immobilisation technique is crucial in the preparation of a sensor (Naresh and Lee, 2021). Bio-recognition elements in conventional PEC biosensors are mainly fixed to the electrode surface by attaching reagents. However, this approach may increase non-specific adsorption, leading to reduced sensitivity and limiting the ability to detect targets (Li et al., 2018). This adverse effect can be avoided by modifying the components (e.g., adding groups) or enhancing specific adsorption (e.g., designing photoactive materials with abundant active sites). Hao et al. (2019) detected Vibrio parahaemolyticus by sensitizing Ho3+/Yb3+ TiO2 with CdSe QDs. The antibody was immobilized by a coupling reaction between the -COOH group of the CdSe QDs and the -NH2 group of the antibody of Vibrio parahaemolyticus (Figure 4A). Chemical bonds resulted in orderly and firm binding of the antibody. The detection limit of the constructed PEC immunosensor was as low as 25 CFU/mL, and the detection range was as wide as 1.0 × 102 ~ 1.0 × 108 CFU/mL. Generally, the PEC sensing interface is affected by interfacial charge recombination and interfacial reaction kinetics (Xin et al., 2022). Therefore, designing photosensitive materials with different component interfaces in close contact and abundant active sites may be an effective method to accelerate charge transfer. Given the homogeneously distributed pores, good biocompatibility and rich functionality, covalent–organic frameworks (COFs) are widely utilized as platforms for fabricating biosensors to sensitively analyze various analytes. Huo et al. (2023) established a novel Cu2O-constrained photoactive COF network as a sensitive and selective platform for the PEC detection of E. coli (Figure 4B). The COF synthesized using 1,3,5-tris(4-aminophenyl)-benzene (TAPB) and 1,3,5-triformylphloroglucinol (Tp) as building blocks acted as the scaffold for encapsulating Cu2O nanoparticles (denoted as Cu2O@TAPB-Tp-COF). Given the high photoelectric conversion efficiency, large porous structure, rich functionality and encapsulation ability towards metal nanoparticles of Cu2O@TAPB-Tp-COF, the manufactured PEC aptasensor exhibited an ultralow detection limit of 2.5 CFU/mL within a range of 1.0 × 101 to 1.0 × 104 CFU/mL toward E. coli. In PEC sensing, the recognition and photoelectric conversion interfaces play a crucial role in charge recombination and transfer dynamics. Therefore, it is necessary to explore electrode interfaces with more active sites and more effective biological stationary technology.
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FIGURE 4
 (A) Schematic illustration of the proposed PEC biosensor fabrication procedure and electron-transfer mechanism of CdSe QDs–sensitised Ho3+/Yb3+-TiO2 PEC sensor in AA electrolyte (Hao et al., 2019). (B) fabrication of the Cu2O@TAPB-Tp-COF-based PEC aptasensor for the detection of E. coli (Huo et al., 2023). 1,3,5-tris(4-aminophenyl)-benzene (TAPB), 1,3,5-triformylphloroglucinol (Tp), covalent–organic framework (COF).




3.2.2 Signal amplification

For PEC detection, quantitative detection is usually achieved by photoelectron transfer at the electrode/electrolyte interface and photocurrent response after interface changes (Shu and Tang, 2019). However, due to the influence of substrate in food, it is challenging to achieve sensitive detection of trace objects. Signal amplification strategies are essential in developing a highly sensitive PEC immunoassay system. Moreover, gaining a profound understanding of PEC signal amplification strategies will significantly enhance the development of advanced sensors. Standard signal amplification strategies include enzyme-mediated catalytic precipitation (Song et al., 2023) and DNA amplification (Yuan et al., 2020).

Enzyme-mediated catalytic precipitation is a simple and effective method of producing insoluble products on the electrode surface, resulting in changes in the photocurrent signal (Zhuang et al., 2015). However, natural enzymes have some problems, such as poor stability, high cost and harsh storage conditions. To overcome these shortcomings, nanozyme, a nanomaterial with enzyme-like properties, has emerged as the most promising alternative due to its good stability and low cost (Chi et al., 2024; Wang et al., 2020). Luo et al. (2022) used a single layer of Cu-C3N4 nano-enzyme as the signal amplifier for the highly selective and ultra-sensitive detection of S. aureus through the steric hindrance effect. The Cu–C3N4@Apt nanozyme acted as a peroxidase to catalyze the oxidation of 4-chloro-1-naphthol (4-CN) to produce an insoluble precipitate on the electrode surface and resulted in a significant decrease in photocurrent. Based on the signal amplification of Cu-C3N4@Apt nanozyme, a PEC sensor was successfully constructed to detect S. aureus (Figures 5A–C). The sensor had a linear range of 1.0 × 101 ~ 1.0 × 108 CFU/mL with LOD as low as 3.4 CFU/mL. Additionally, the ability of the sensor to detect S. aureus that had been added to orange juice and milk was also verified, and the recovery rate was 91% ~ 113%. Enzyme-mediated catalytic precipitation has been employed as an effective and simple signal amplification strategy owing to its inhibition effect on interfacial mass and electron transfer. However, most enzyme-mediated catalytic precipitation reactions belong to the signal-off mode, resulting in limited signal variation.
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FIGURE 5
 Schematic diagram showing (A) synthesis of Cu–C3N4–TiO2. (B) preparation of Cu–C3N4@Apt. (C) construction of PEC sensor and detection of S. aureus (Luo et al., 2022) and (D) working mechanism of the sensors (Zhu L. et al., 2021). Glutaraldehyde (GLD), F-doped Tin Oxide (FTO).


To detect trace or even trace objects, a DNA amplification strategy was introduced into the construction process of the PEC biosensor. Currently, the DNA amplification strategy applied in the PEC biosensor mainly includes hybridization chain reaction (HCR) (Zong et al., 2024) and rolling circle amplification (RCA) with nuclease-assisted recycling amplification (Zhang K. et al., 2018). Generally, these strategies amplify photocurrent signals by expanding DNA fragments, thus enhancing the number of sensitisers and mimetic enzymes. Zhu et al. (2021) constructed a PEC aptasensor using exonuclease I–assisted amplification and the initial identification of aptamers. As shown in Figure 5D, WO3 was used as the photoactive material. In contrast, the sensitization effect of CdTe QDs and the shear impact of exonuclease I were used to amplify the signal, achieving highly sensitive detection. The LOD was 45 CFU/mL in the concentration range of 1.3 × 101 ~ 1.3 × 107 CFU/mL. This construction strategy provides a novel approach for the identification of Listeria monocytogenes. The DNA amplification strategy can effectively improve the sensitivity of the PEC biosensor, but several deficiencies still hinder its further development, such as its complicated operation and high cost.



3.2.3 Dual-mode detection platform

The PEC method has unique advantages and characteristics (Zhao et al., 2015). However, with the increasing demand for sensitivity and accuracy in detecting foodborne pathogens, single-mode biosensors are susceptible to various factors, such as different manual operation, unstable experimental environments and differences in substrate morphology and loads from batch to batch. Therefore, a new output signal is introduced, and dual-mode biosensors are developed. This can simultaneously introduce dual-channel detection into the recognition system, allowing multiple response signals to be output under the same or different test conditions. In this case, each signal was independent and free from interference. Therefore, the experimental results can be mutually verified, further improving the accuracy. In the case of a difference in the sensitivity of the two detection modes, the detection range of the analytes can be broadened, thus realizing the primary screening and sensitive detection of the samples (Zhang J. et al., 2021). Zhang’s team built a CL and PEC dual-mode biosensor for S. aureus assay based on Porphyrin-Based Porous Organic Polymer (FePor-TPA) (Zheng et al., 2023). As shown in Figure 6A, on the one hand, the 2D FePor-TPA thin film shows a sensitive photocurrent response and outstanding catalase catalytic activity, which can decompose H2O2 to O2. The produced O2 as an electron donor further improved the photoelectric signal of the 2D FePor-TPA thin film. On the other hand, under acidic conditions caused by gluconic acid, FePor-TPA showed excellent peroxidase activity, which can oxidize TMB (Tetramethylbenzidine) to a chromogenic product. Then, a CL-detecting platform was realized. During the detection process, more targets generated more H2O2 and gluconic acid. As a result, a ‘signal-on’ and dual-mode detection platform with high sensitivity and selectivity was constructed for detecting S. aureus. Liu et al. (2023) combined PEC and SERS to construct a dual-mode biosensor. A photoactive heterostructure was formed by combining C3N4 and MXene via simple electrostatic self-assembly, as they possess well-matched band-edge energy levels. Subsequently, in situ growth of gold nanoparticles on the formed surface resulted in better PEC performance and SERS activity because of the synergistic effects of surface plasmon resonance and the Schottky barrier (as shown in Figure 6B). Experimental results revealed that the effective combination of PEC and SERS was achieved for amplification detection of S. aureus with a detection range of 5.0 ~ 1.0 × 108 CFU/mL (PEC) and 1.0 × 101 ~ 1.0 × 108 CFU/mL (SERS) and a detection limit of 0.70 CFU/mL (PEC) and 1.35 CFU/mL (SERS), respectively (Figure 6C). Dual-mode biosensors were beneficial to compensate for the shortcomings of single-mode biosensors, such as large assay consumption, less information acquisition and poor results accuracy. The construction of more types of dual-mode biosensors by combining PEC with other analytical methods (FL, EC, etc.) has received increasing attention.

[image: Figure 6]

FIGURE 6
 (A) Principle of the constructed dual-mode immunosensor for S. aureus detection and performance of the biosensor (Zheng et al., 2023). (B) Schematic illustration of the dual-mode sensing platform and performance of the biosensor (Liu et al., 2023). Porphyrin-based porous organic polymer (FePor-TPA), vancomycin (Van), antibody (Ab).






4 Conclusion and perspective

Over the past few decades, methods for detecting foodborne pathogens have developed rapidly. With the continuous exploration of photoactive materials and sensing strategies, PEC biosensors with strong specificity and high sensitivity have gradually attracted increasing attention. This review summarizes the progress of the PEC biosensor in detecting foodborne pathogens in recent years. The main focus is on the design of photoactive materials (improving the photoelectric properties of materials and expanding the spectral absorption range of materials) and the construction of sensing strategies (realizing the effective fixation of target objects and signal amplification). The PEC biosensor has reached very low detection limits for some of the major foodborne pathogens in food, such as S. aureus and E. coli. Moreover, the capability and accuracy of actual sample analysis and its application in detecting foodborne pathogens have been demonstrated. Compared to the results of traditional techniques, the PEC biosensor exhibits good accuracy, confirming the effectiveness of this method for real sample detection. Importantly, this method will provide an ideal alternative for the rapid, ultra-sensitive and selective detection of foodborne pathogens in food.

Compared with traditional approaches to electrochemical and spectral analysis, PEC sensing technology is still in the initial stage of development due to its short history. The following strategies may provide new possibilities for the detection of foodborne pathogens.


4.1 Dual-photoelectrode self-powered PEC biosensors

Traditional PEC sensors are mostly single-photoelectrodes, which have certain limitations. For example, the photoanode may react with reducing substances in the sample, and the photocathode photoelectric response is poor. To solve these problems, developing dual-photoelectrode self-powered sensors has become an attractive strategy that eliminates the effect of reducing substances and enables sensitive detection.



4.2 High-throughput detection

It is common to perform PEC sensing on a single interface for single analyte detection, which limits detection efficiency and is not suitable for rapidly screening mass samples. Selective and sensitive quantification of multiple analytes in a system can significantly reduce the cost of detection and improve the efficiency of analysis. It is highly desired in practical application. Designing sensing arrays coupled with the light-addressing strategy is an effective method. For this strategy, the concentration of different targets can be easily detected in turns by merely moving the light source from one sensing area to another. At the same time, a higher throughput can be conveniently obtained by merely enlarging the size of the substrate electrode and increasing the number of separated sensing zones.



4.3 Portable commercialization

The ultimate goal of all developed PEC bio-sensing devices is to achieve commercialization. However, most current efforts are being conducted in laboratory settings, with limited exploration in real-world settings. Portable PEC analyzers have great potential for environmental monitoring and have attracted widespread attention. Developing split-type PEC biosensors and integrating PEC bio-sensing with arrays, microfluidics and chips would contribute to high-throughput and automation. Additionally, PEC sensors are used in combination with mobile phones to enable intelligent detection. In summary, with the rapid development of nanotechnology and biotechnology in recent years, PEC analysis will play a more critical role in the field of food safety in the future.
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Millet is one of the major coarse grain crops in China. Its geographical origin and Fusarium fungal contamination with ergosterol and deoxynivalenol have a direct impact on food quality, so the rapid prediction of the geographical origins and fungal toxin contamination is essential for protecting market fairness and consumer rights. In this study, 600 millet samples were collected from twelve production areas in China, and traditional algorithms such as random forest (RF) and support vector machine (SVM) were selected to compare with the deep learning models for the prediction of millet geographical origin and toxin content. This paper firstly develops a deep learning model (wavelet transformation-attention mechanism long short-term memory, WT-ALSTM) by combining hyperspectral imaging to achieve the best prediction effect, the wavelet transformation algorithm effectively eliminates noise in the spectral data, while the attention mechanism module improves the interpretability of the prediction model by selecting spectral feature bands. The integrated model (WT-ALSTM) based on selected feature bands achieves optimal prediction of millet origin, with its accuracy exceeding 99% on both the training and prediction datasets. Meanwhile, it achieves optimal prediction of ergosterol and deoxynivalenol content, with the coefficient of determination values exceeding 0.95 and residual predictive deviation values reaching 3.58 and 3.38 respectively, demonstrating excellent model performance. The above results suggest that the combination of hyperspectral imaging with a deep learning model has great potential for rapid quality assessment of millet. This study provides new technical references for developing portable and rapid hyperspectral imaging inspection technology for on-site assessment of agricultural product quality in the future.
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1 Introduction

Millet (Setaria italica (L.) Beauv.) is the seed of the grass species in the family of Poaceae, and it is considered one of the oldest cultivated crops (Yang et al., 2012). It originated in the Yellow River basin of China and became one of the major cereal crops in ancient China. At present, China is the main production area for millet, accounting for 80% of the world’s production (Wu and Qu, 2018). Millet has rich nutrients and provides various essential amino acids, fats, vitamins, minerals, and other nutritional components for the human body (He et al., 2007; Dasa and Nguyen, 2020; Yang et al., 2021; Shi et al., 2023). Many pharmacological studies have indicated that millet has various health benefits, including lowering blood glucose levels (Balli et al., 2023), anti-tumor properties (Saleem et al., 2023), reducing cholesterol levels, as well as anti-inflammatory effects (Onipe and Ramashia, 2022). Attributed to its combined medicinal and nutritional value, millet is highly favored in several regions of China (Mahajan et al., 2021).

Millet from different regions differs in quality and price. In China, the five provinces of Shaanxi, Shanxi, Gansu, Ningxia, and Inner Mongolia account for 15.6% of the national millet production (Yang et al., 2019), Hebei, Shandong, and Henan provinces account for 64.3% of the national millet production, while the three northeastern provinces (Heilongjiang, Jilin, and Liaoning) account for 13.9% of the national millet production (Wu and Qu, 2018). The Wu’an millet (HBWA) from Wu’an City, Hebei Province, the Chaoyang millet (LNCY) from Chaoyang City, Liaoning Province, and the Qinzhou millet (SXQX) from Qinxian County, Shanxi Province are certified as Protected Geographical Indication (PGI) products in China. These three production areas have unique natural environments such as altitude, climate, and soil, along with strict and standardized planting regulations, so millet products in these areas have better quality and higher market value. However, there are often cases in the market where inferior products are sold as high-quality ones and non-PGI products from other regions are falsely labeled as PGI products, seriously disrupting market order. Therefore, it is of great significance to implement source tracing and brand protection measures for millet products.

Pathogenic fungi of the Fusarium genus are common in the production of grains such as millet (Femenias et al., 2021; Teixido-Orries et al., 2023). Infection by Fusarium species usually leads to a sharp decrease in crop yield, and the fungal toxin residues caused by Fusarium microbial contamination have a serious impact on the quality of millet, ultimately leading to agricultural economic losses (Dowell et al., 1999). The number of microorganisms of the Fusarium genus attached to the surface of grains is linearly related to the content of ergosterol (C28H44O, ZC), a metabolite produced by these microorganisms. The ZC content in grains is widely adopted as an important criterion for evaluating the degree of fungal contamination and grain quality (He et al., 2007). Meanwhile, deoxynivalenol (C15H20O6, DON), also known as vomitoxin, is a mycotoxin secreted by microorganisms of Fusarium species. DON is widely present in millet grains and has high toxicity. It can cause vomiting, diarrhea, miscarriage, and other damage to humans and animals. The World Health Organization has identified DON as one of the high-risk food contaminants (Yao and Long, 2020; Zhao et al., 2020). Therefore, efficient and rapid detection of ZC and DON content in millet grains has great significance for determining the degree of Fusarium fungal contamination and ensuring millet quality and food safety.

Traditional methods for determining the origin of agricultural products mainly rely on the mineral element content of the target, stable isotope ratios with regional variations (Wang et al., 2022b), chemical fingerprinting of the target substance (Yan et al., 2023), etc. The conventional quantitative detection methods for the content prediction of low-concentration toxins of DON and ZC mainly include high-performance liquid chromatography (HPLC), high-performance liquid chromatography-mass spectrometry tandem (HPLC-MS) (Antonios et al., 2010), enzyme-linked immunosorbent assay (ELISA), thin layer chromatography (TLC) (Rocha et al., 2017), etc. Though these evaluation methods have advantages such as high accuracy and sensitivity, they have some defects, including sample destruction, high detection costs, low time efficiency (inability to conduct batch testing in a single run), and environmental contamination due to the use of organic reagents (Wang et al., 2024a; Wang et al., 2024b). These issues should not be ignored.

The external environmental factors of millet planting include soil and climate in the production area, which lead to differences in crop chemical fingerprint spectra (Lu et al., 2014). Meanwhile, fungal contamination causes the denaturation of chemical nutrients, resulting in significant differences in hyperspectral characteristics (Teixido-Orries et al., 2023). Hyperspectral imaging (HSI) technology could produce chemical reflectance data across hundreds of bands to reflect the physical and chemical information of the measured samples (An et al., 2023). In recent years, HSI technology has gained increasing popularity as a rapid inspection technique that can meet the demands of today’s market for fast and batch testing. HSI has great advantages such as non-destructive sample detection, high throughput, fast detection speed, and environmental friendliness in experimental techniques (Wang et al., 2024a; Wang et al., 2024b). At present, combining HSI technology with classic machine learning algorithms is a common method for the rapid prediction of geographical origins and chemical compositions of various agricultural products. Traditional machine learning algorithms, such as PLSDA (partial least squares discriminant analysis), random forest (RF) and support vector machine (SVM) have achieved generally satisfactory results in previous hyperspectral research, and they have obvious advantages such as short training time, simple computation, and strong generalization ability. HSI combined with models such as RF and SVM has been successfully applied to the identification of origins for cereal of Coix seeds (Wang et al., 2023) as well as to the quality or variety identification of small grains such as wheat (Safdar et al., 2023), oats (Teixido-Orries et al., 2023), and sorghum (Bu et al., 2023). The combination of HSI with chemometric models like partial least squares regression (PLSR) has been applied to the prediction of DON and ZC content in corn and wheat (Femenias et al., 2021; Borras-Vallverdu et al., 2024), various saponin content in ginseng (Wang et al., 2024a; Wang et al., 2024b), as well as starch and protein content in Coix seeds (Wang et al., 2023). However, it is worth noting that traditional model parameter optimization involves a certain degree of human subjectivity, and model optimization often cannot take into account data feature extraction to improve model performance (Wang et al., 2023; Zhang et al., 2020). Deep learning based on neural networks can address the above concerns.

Currently, combining HSI with artificial intelligence deep learning models to predict the quality of agricultural products has been a prominent research focus. Compared to traditional machine learning algorithms (including RF and SVM), deep learning models, like recurrent neural networks (RNNs) and long short-term memory (LSTM), have more evident advantages such as self-learning, self-reasoning, and no need for subjective parameter selection. As a result, these models can make more objective and reliable predictions than traditional algorithms (Li et al., 2021). Existing research has shown that using feature data extracted from HSI to reduce the dimensionality of hyperspectral data can simplify model calculations and improve prediction efficiency (Wang et al., 2022d; Wang et al., 2024a). Meanwhile, by assigning variable weights to HSI bands, the application of deep learning attention mechanism (AM) modules allows for the selection of important feature wavelengths. This enhances not only the prediction performance of the model but also the interpretability of deep learning (Wang et al., 2023). Additionally, denoising complex and redundant hyperspectral data across multiple bands provides an important means for improving model prediction effectiveness (Wang et al., 2022c; Wang et al., 2022d). However, there is a lack of research both domestically and internationally on the application of HSI technology combined with deep learning models, including data denoising, to the prediction of millet origin, fungal microbial contamination, and toxin content.

Considering this, this study aims to: (1) establish a large-scale hyperspectral database for millet from multiple origins; (2) compare the effectiveness of LSTM with traditional machine learning models such as RF, SVM, and partial least squares discriminant analysis (PLSDA or PLSR) in predicting the origin of millet and the content of fungal toxins, to determine the optimal prediction model; (3) reveal the effects of combining different denoising methods, including multiplicative scatter correction (MSC), wavelet transformation (WT), and standard normal variate (SNV), with prediction models, and determine the optimal combination; (4) evaluate the effectiveness of the deep learning AM algorithm in selecting feature bands, to provide more options for reducing the dimensionality of HSI data and improving the interpretability of prediction models in the future. This study attempts to achieve rapid quality inspection of millet by combining HSI with deep learning models, thereby providing references for the further development of portable, intelligent agricultural product inspection equipment in the future.



2 Materials and methods


2.1 Sample collection and preparation

Millet samples were collected from 12 major production areas in 9 provinces of China from October 2022 to January 2023, including three high-quality samples from regions designated with PGI status (Table 1). In the sample collection, uniformly sized and clean millet seeds were selected and naturally air-dried. All the samples were collected from 10 plots in each production area, and 5 parallel samples (500 g each) were selected from each plot. Finally, 50 samples (10 × 5) were collected from each production area, and 600 sets of HSI data (10 × 5 × 12) were acquired from all 12 production areas. In terms of origin prediction, to ensure the stability of the samples, the test samples are stored at a low temperature of 4°C for a long time. Regarding fungal toxin contamination, millet samples were processed in a controlled environment with a temperature of 20°C and a humidity of 70% for 30 days, resulting in toxin enrichment. After data collection, all samples were processed into 50-mesh powder (stored at a low temperature of 4°C) for subsequent chemical content analysis (600 sets) to benchmark and correct the prediction effect of the established model.



TABLE 1 The distribution of twelve production areas of millet.
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2.2 Acquisition of hyperspectral data

Hyperspectral data was collected using a visible and shortwave/longwave near-infrared imaging spectrometer (VIS-NIR-HSI, HySpex VNIR-1800/HySpex SWIR 384, Norsk ElektroOptikk, Oslo, Norway). The VIS-NIR-HSI spectrometer has a wavelength range of 350–1000 nm covering visible light and short wave near-infrared parts. The SWIR spectrometer has a wavelength range of 900–2550 nm covering short and middle short-wave near-infrared parts, showing higher sensitivity to organic compounds. The spectrometer mainly consists of two tungsten halogen lamps (150 W/12 V, H-LAM, Norsk ElektroOptikk, Oslo, Norway), two lenses (VNIR and SWIR), a conveyor belt, and a data analysis computer. The two tungsten halogen lamps were used as light sources, angled at 45 degrees. The two lenses, VNIR and SWIR, were set up with exposure times of 3.5 ms and 4.5 ms, respectively. The spectral resolution was approximately 5 nm, and the samples were positioned 22 cm from the lenses. The conveyor belt moved at a speed of 2.5 mm/s. To avoid noise fluctuations at the edges of the wavelength range, the effective spectral information collected from 410 to 950 nm and 950 to 2500 nm, covering 396 bands in total, was manually merged. After the collection of the HSI data, black and white board correction was performed on the original hyperspectral images to eliminate the influence of external factors such as instrument and current on the sample data (Wang et al., 2023). Finally, ENVI 5.3 software (Research Systems Inc., Boulder, CO, United States) was employed to extract the regions of interest and calculate the relative reflectance of the regions of interest.



2.3 Measurement of ZC and DON content in millet samples


2.3.1 Extraction and HPLC quantification of ZC and DON in millet samples

As previously documented in literature, the main organic nutritional components of millet include protein (10–15%), amylose (10–28%), and fat (3–5%), leading to the frequent contamination with Fusarium fungal and high levels of ergosterol and deoxynivalenol content (He et al., 2007; Dasa and Nguyen, 2020; Yang et al., 2021; Shi et al., 2023). According to the operating procedures listed in GBT 25221-2010 (General Administration of Quality Supervision, 2011), ZC was extracted from millet samples followed by quantification. First, 5 g of the above-mentioned sample powder was taken, and through processes such as cold condensation reflux extraction, rotary evaporation concentration, and nitrogen blow drying, ZC extraction solution dissolved in n-hexane was obtained. Then, quantitative detection was performed using HPLC (1290, Agilent, United States) with an Inertsil ODS-3 silica column (length: 250 mm, inner diameter: 4.6 mm, particle size: 5 μm). The detection conditions were as follows: the mobile phase consisted of n-hexane: isopropanol = 99:1 (v/v), with an elution time of 18 min. The flow rate was set to 2 mL/min, the column temperature was 40°C, the detection wavelength was 282 nm, and the injection volume was 10 μL.

Following the method described in GB5009.111-2016 (General Administration of Quality Supervision, 2017) (2016), DON was extracted from the millet samples, and its content was determined. First, 2 g of the millet sample powder was placed in a 50 mL centrifuge tube, and 20 mL of acetonitrile-water solution (84% acetonitrile, v/v) was added. Then, the mixture was subjected to ultrasonic extraction for 20 min, followed by centrifugation at 10,000 r/min for 5 min to obtain the supernatant, which was reserved for detection. Next, the solution to be tested was purified using an immunoaffinity column (IAC-030-3, PriboLab, China). The column was eluted with methanol, and the eluate was subjected to nitrogen blow drying to obtain the DON extract. Subsequently, quantitative detection was performed using HPLC (1290, Agilent, United States) with a Waters ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm, Waters, United States). The detection conditions were as follows: the mobile phase consisted of 80% methanol solution (methanol: water = 80:20, v/v), with an elution time of 20 min. The flow rate was set to 0.8 mL/min, the column temperature was 35°C, the detection wavelength was 218 nm, and the injection volume was 10 μL.



2.3.2 Preparation of standard solutions for ZC and DON

First, 20 mg of ZC standard (57-87-4, Sigma-Aldrich, United States) was dissolved in 100 mL of n-hexane to prepare the stock solution (200 μg/mL). Then, by using the purchased 200 μg/mL DON standard solution (CRM46911, Sigma-Aldrich, United States) and based on the test results of the mixed sample (20 samples were randomly selected from different origins), working solutions in the concentration range of 0.01–100 μg/mL were prepared using acetonitrile solvent to establish the standard quantitative curve. The detection limit and quantification limit of the method were determined based on a signal-to-noise ratio of 3:1 (Supplementary Table S1). Finally, the chemical indicator content of millet samples was determined based on the standard content curve.




2.4 Model data analysis


2.4.1 Spectral data preprocessing

In the modeling process, appropriate preprocessing methods are usually employed to mitigate noise interference during data collection, thereby improving model prediction effectiveness and stability. This study compared three spectral preprocessing methods: SNV, MSC, and WT. Among them, SNV and MSC are commonly utilized to eliminate scattering effects in spectral data, and they are widely used to perform scattering correction (Wu et al., 2019). WT, characterized by its high resolution and good time-frequency properties, performs a multiscale detailed analysis of signals through scaling and shifting operations, thus greatly reducing random noise to smooth the spectrum (He et al., 2018).



2.4.2 Prediction models for millet origin and chemical indicators

Four models, PLSDA, SVM, RF, and LSTM, were utilized in this study for origin prediction. Meanwhile, the prediction of the two chemical indicators was achieved using four regression models: PLSR, SVM, RF, and LSTM.

The PLSDA model explores the linear relationship between spectral data (X) and the predicted region (Y) based on the correlation between variables X and Y (Wang et al., 2023). In this study, leave-one-out cross-validation was employed to determine the optimal number of latent variables (between 5–10) for the PLSDA model based on the minimum root mean square error (RMSE) obtained through cross-validation. SVM is a classic machine learning method that constructs a hyperplane to achieve better separation of observations (Liang et al., 2020). It can well handle complex spectral data, including linear and nonlinear patterns (Yu et al., 2019). This study used the radial basis kernel function for SVM modeling. Optimization was conducted for both the penalty factor (C) and the kernel parameter (γ), with reference ranges defined as 100 to 2500 for C and 2−8 to 28 for γ. The RF model integrates the predictions of multiple decision trees through a majority voting scheme. It introduces two random factors, namely the number of trees (n-tree) and the number of variables to consider at each split (mtry), to enhance prediction accuracy and avoid overfitting. In this study, through leave-one-out cross-validation, it was determined that n-tree of 500 and mtry of 2 are suitable for balancing model accuracy and efficiency (Liu et al., 2020; Jia et al., 2021). The PLSR model, unlike PLSDA, is used to solve regression prediction problems. In the PLSR model, latent variables measure the covariance between the independent variables and the target variable to achieve higher prediction accuracy. In this study, leave-one-out cross-validation was employed, and based on the minimum RMSE value obtained through cross-validation, the optimal number of latent variables for the model was determined to range between 6 and 10.

The LSTM model is a classic deep-learning neural network that can capture long-term dependencies in information. It addresses the common issue of gradient vanishing or explosion in large amounts of spectral data by introducing gate mechanisms. In this study, an LSTM model with 64 hidden units was constructed, and its detailed architecture is illustrated in Figure 1. In the LSTM layer, two types of states were constructed: the output state (at time step t denoted as ht) and the cell state (at time step t denoted as ct). These states are controlled by input gates (it), forget gates (ft), cell candidate gates (gt), and output gates (ot). These gates enable the network to determine whether to discard or add information, thus forgetting and remembering the corresponding information. In the model training process, the LSTM model combines input weights, recurrent weights, and bias parameters with a dropout strategy to ensure a balance between performance and computational complexity, thus preventing overfitting (Mou et al., 2021). In the LSTM layer initializer, the parameter settings include “Orthogonal” and “Dropout rate = 0.2.” In the fully connected initializer, the parameter settings include “Kaiming” and “Bach size = 40.” The parameter settings of the optimizer are “Adam,” “Loss = MSE (content prediction),” and “Loss = Cross Entropy (origin prediction).”
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FIGURE 1
 The structure of the LSTM model. The LSTM layers have 64 hidden units; two states, namely the output state (time step t as ht) and the cell state (time step t as ct), are constructed in the LSTM layer, and both states are controlled by the input gate (it), the forget gate (ft), the cell candidate (gt), and the output gate (ot).


The AM originated from research on human vision and can be employed to extract the important features for variable selection. The screening process of AM involves two steps: (1) calculating the attention distribution on all input information, and (2) computing the weighted average of input information based on the attention distribution (Fan et al., 2022) (Figure 2). AM can help the LSTM model eliminate redundant information based on the information content and importance of the target value, thereby enhancing the model’s generalization performance.

[image: Figure 2]

FIGURE 2
 The workflow of the proposed method. It mainly includes spectral data acquisition, chemical composition analysis, model prediction (including data denoising, origin discrimination, and content regression prediction), and feature wavelength selection by the AM algorithm (AM focuses on the important part of the target while ignoring the rest by calculating the attention distribution and weighting the average value based on all input information).




2.4.3 Model data splitting and performance evaluation

In the model analysis, the SPXY algorithm (based on joint x–y distance) (Galvao et al., 2005) was utilized to randomly split the 600 samples (10 plots × 5 replicates × 12 origins) into a training set (420 samples) and a prediction set (180 samples) at a ratio of 7:3. The main advantage of the SPXY algorithm lies in its consideration of the variability of multidimensional spatial data, including both x and y dimensions. The model parameters were selected and optimized through 5-fold cross-validation. All models were implemented with Python 3.9 software in the Spyder environment. The performance of the models in predicting the origin of millet was evaluated in terms of the accuracy on the prediction set. For content prediction, metrics such as mean absolute error (MAE), coefficient of determination (R), RMSE, and residual predictive deviation (RPD) were employed to evaluate the performance of the regression models (Wang et al., 2023).





3 Results


3.1 Explicable wavelengths selected via attention mechanism in origin discrimination and chemical content prediction

By using the AM algorithm to assign weights to all bands, the top 15 variables with higher weights were selected for predicting the origin and the content of the two chemical indicators in millet (as shown in Figure 3). As for origin prediction, the feature bands are related to the differences in the main organic compound content of millet from different production areas. Specifically, the wavelengths at 998 nm are related to the third overtone region of –CH (CH/CH2/CH3) and the third overtone region of –OH from oil nutrients (Weinstock et al., 2006; Balbino et al., 2022); the wavelengths at 1156 nm and 1521 nm are, respectively, related to the second overtone regions of –OH and –CH (CH/CH2/CH3) and the first overtone region of –NH from protein in the protein compound (Wang et al., 2013; Lv et al., 2016); the wavelength at 1254, 1276, 1314, and 1467 nm are closely related to the starch compounds and reflect the –CH second overtone and combination (Workman and Weyer, 2007; Ma et al., 2017). Additionally, the wavelengths at 486, 546, and 562 nm in the visible light range represent potential color differences in millet samples due to environmental factors in different production areas.
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FIGURE 3
 Feature wavelengths obtained by the AM module. In the context, “Origin,” “ZC,” and “DON” represent the feature wavelengths for millet origin discrimination, ZC prediction, and DON content prediction, respectively, where each group was labeled with the 15 most important feature wavelengths.


In the prediction of DON and ZC content, the main feature wavelengths indicate that the contamination by fungi of the Fusarium genus mainly leads to changes in the organic properties of millet and potential discoloration. Regarding DON, wavelengths in the visible light range of 486, 546, and 562 nm represent potential color differences in millet caused by various environmental factors in different production areas. Meanwhile, the wavelengths at 1396 and 1412 nm are associated with the moisture content of millet (Femenias et al., 2021). The wavelengths at 1123, 1145, and 1167 nm correspond to the second overtone regions of –OH and –CH (CH/CH2/CH3) in the protein compound (Wang et al., 2013; Lv et al., 2016); additionally, the wavelengths at 1592 and 1614 nm bands are related to the –NH stretch first overtone and –CH first overtone in the protein compound (Eldin and Akyar, 2011).

As for the ZC group, the wavelengths at 638, 660, 676, and 714 nm represent potential color differences in millet caused by environmental factors in different production areas. The wavelengths at 909 and 968 nm are, respectively, related to the third overtone region of –CH (CH/CH2/CH3) and the third overtone region of –OH from oil nutrient (Weinstock et al., 2006; Balbino et al., 2022). The effective spectra of 1118 nm and 1150 nm correspond to the second overtone regions of –OH and –CH (CH/CH2/CH3) in the protein compound (Wang et al., 2013; Lv et al., 2016); additionally, the wavelength at 1423 nm is associated to the moisture content of millet (Femenias et al., 2021).



3.2 Results of geographical origin discrimination of XM


3.2.1 Results of geographical origin discrimination based on full wavelengths

Based on the full spectrum of HSI, the results of millet origin discrimination using PLSDA, SVM, RF, and LSTM prediction models combined with three preprocessing methods (SNV, MSC, and WT) are presented in Table 2. The results showed that compared to the group of using original data without denoising processing (ORI), the three preprocessing groups exhibited higher origin prediction accuracy, reflecting the effectiveness of denoising methods. Among them, the WT preprocessing group obtained the best results, with the accuracy of prediction exceeding 85% for all models. The WT-LSTM model achieved the highest prediction performance for millet origin discrimination, with the highest accuracy reaching 94.4% on the prediction set.



TABLE 2 Models for muti-regions discrimination based on full wavelengths.
[image: Table2]



3.2.2 Improved effect of geographical origin discrimination based on the selected wavelengths

After using the selected feature wavelengths, PLSDA, SVM, RF, and LSTM models showed higher overall accuracy on both the training and prediction sets (Table 3), with their prediction accuracy all exceeding 85%, demonstrating the effectiveness of the AM algorithm in selecting feature wavelengths. Overall, the WT data denoising preprocessing method showed the best results, with improvements in prediction accuracy across all models. In terms of regression models, the LSTM model combined with different data preprocessing methods achieved a prediction accuracy of over 98% on the prediction set. Overall, the WT-LSTM model achieved the best performance, with training and testing accuracy of 99.5 and 99.4%, respectively.



TABLE 3 Models for muti-regions discrimination based on effective wavelengths.
[image: Table3]




3.3 Results of DON and ZC content prediction


3.3.1 Results of DON and ZC content prediction based on full wavelengths

The results of ZC and DON content prediction based on the full wavelength are presented in Table 4. In the content prediction of both chemical indicators, after WT preprocessing, all models exhibited higher R values, lower MAE and RMSE values, and higher RPD values (all above 2.50) compared to other preprocessing groups, indicating good model performance and the outstanding denoising effect of the WT method. From the perspective of content regression models, the LSTM model obtained higher R values than the traditional PLSR, SVM, and RF models, reflecting a better linear relationship; meanwhile, the LSTM model obtained significantly lower MAE and RMSE values than other models, indicating that the LSTM model had smaller prediction errors. Additionally, the RPD values of the LSTM model are generally the highest, demonstrating the excellent predictive performance of the model. Overall, the WT-LSTM model is the best model for ZC and DON content prediction, with the highest R values (all above 0.90), lowest MAE and RMSE values, and RPD values all above 3.30, demonstrating the excellent predictive performance of these models (Table 4).



TABLE 4 The content prediction results of two chemical indicators by full wavelengths.
[image: Table4]



3.3.2 Improved effect of ZC and DON content prediction based on the selected wavelengths

As shown in the above prediction results using the full spectrum, the WT preprocessing method exhibited the best denoising effect. Meanwhile, redundant spectral data can lead to issues such as high model complexity, long data processing times, and poor predictive performance. However, these issues can be addressed by selecting effective wavelengths. In this section, feature wavelengths are extracted using the AM algorithm, and four regression models (PLSR, SVM, RF, and LSTM) were combined with the WT preprocessing method to predict the content of two chemical indicators. The results are presented in Table 5. In the content prediction of the two chemical indicators, the four models using selected wavelengths all obtained better results than those using the full spectrum group (higher R and RPD values, lower RMSE values), demonstrating the effectiveness of feature wavelength selection. Moreover, compared to the ORI group, the WT data denoising group demonstrated better prediction results (higher R and RPD values, lower RMSE values), highlighting the outstanding denoising effect of the WT method.



TABLE 5 The content prediction results of two chemical indicators by effective wavelengths.
[image: Table5]

For the content prediction of the two chemical indicators, the WT-LSTM model demonstrated the best performance. Its R values both exceeded 0.95, and the RPD values were higher than 3.50, indicating outstanding predictive capabilities of the model (Table 5). In the prediction of ZC content, compared to the full wavelength group (WT-LSTM), the R value of the selected full wavelength group was increased by 5.52%, the MAE and RMSE values were significantly decreased by about 47.97 and 41.78%, respectively, and the RPD value was increased by 5.9%. In the prediction of DON content, compared to the full wavelength group (WT-LSTM), the R value of the selected full wavelength group was increased by 0.41%, while the MAE and RMSE values were, respectively, decreased by approximately 6.93 and 4.62%, and the RPD value is increased by 1.1%, remaining at a similar level (Table 5).





4 Discussion

The quality attributes of millet determine its commercial value, and there is high variability in the quality and price of millet on the market. Due to differences in growing regions and environmental factors, millet from different origins has significant differences in appearance and nutritional content, leading to notable price disparities (Wang et al., 2022a). The frequent occurrence of counterfeit geographical indications undermines market fairness and brand value. Meanwhile, during storage or processing, grains such as millet are susceptible to mycotoxin contamination (Zhao et al., 2020; Femenias et al., 2021; Teixido-Orries et al., 2023), posing serious issues of food safety and quality (Bai et al., 2024). Therefore, developing a rapid and accurate method to predict the geographical origin and fungal contamination of millet is crucial for preventing fraud and protecting consumer rights. HSI emerges as a promising non-destructive detection technique, and it is widely used in the assessment of agricultural product quality (Wang et al., 2021).

Currently, HSI research has achieved good results in predicting the content of low-concentration compounds, such as toxins (DON and ZC) in maize and wheat (Femenias et al., 2021; Borras-Vallverdu et al., 2024), and ginsenosides in Panax ginseng (Wang et al., 2024a; Wang et al., 2024b), overcoming the challenges of trace compound prediction. In this study, HSI combined with a deep learning model (WT-ALSTM) also obtained satisfactory results in millet origin classification, with training and testing accuracy of 99.5 and 99.4%, respectively. In the prediction of low-concentration compounds, such as ZC and DON, the WT-ALSTM model’s RPD values exceeded 3.0, and the R values were greater than 0.9, demonstrating the excellent predictive performance and the immense potential of HSI technology for low-concentration compound prediction. Furthermore, the WT-ALSTM model made satisfactory regression predictions, outperforming traditional and individual deep learning models. The AM model’s characteristic bands provided reasonable explanatory and satisfactory prediction outcomes. Generally, the combination of the WT-ALSTM model with HSI technology provides a promising approach for developing portable equipment for rapid and effective quality prediction of millet in the future.

Hyperspectral data involve diverse noise sources, which may originate from instruments or samples. Preprocessing methods are commonly used to improve the prediction performance of models. The WT denoising method used in this study is typically sensitive to various sources of noise such as environmental conditions, instrument errors, and sample variations (He et al., 2018; Wang et al., 2022c). Existing studies, including predictions of total polysaccharides and total flavonoid content in Chrysanthemum (He et al., 2018), and assessments of total alkylamide content (TALC) and volatile oil content (VOC) in Sichuan pepper (Wang et al., 2022c), all validated the applicability of the WT denoising method to HSI data. Similarly, in this study, the AM module was used as a feature wavelength selection method, which significantly reduced the computational burden caused by redundant data, contributing to higher model performance. Consistent with this study, the combination of the AM module with deep learning models in the field of HSI research has also yielded some encouraging results. For example, the CLSTM model successfully used the AM module to screen feature bands for predicting starch and protein content in Coix seed (Wang et al., 2023); the fusion of the AM module and the SCNN model can successfully predict wheat’s susceptibility to herbicide stress (Chu et al., 2022); additionally, the AM module was combined with CNN models to predict single particle oil content in maize seeds (Zhang et al., 2022).

The deep learning model LSTM used in this study demonstrated higher prediction performance than traditional machine learning models. The LSTM module, integrated with multi-layer neural networks, shows a strong capability to handle complex and nonlinear spectral data (Fan et al., 2022). Furthermore, compared to traditional machine learning models, the LSTM model enhances compatibility with spectral time-series sequences through gated recurrent units and improves generalization and stability through dropout strategies to address overfitting issues (Wang et al., 2023). Similar studies in the literature, such as the prediction of amino acid content in beef (Dong et al., 2024) and corn variety identification (Wang et al., 2018), have confirmed the outstanding prediction performance of LSTM models and the advantages of deep learning models in terms of self-inference, avoidance of subjective parameter tuning, and more objective and reliable model output, indicating that they can be successfully used in food research in the future (Wang et al., 2023).

In future research, considering the great challenges posed by external environmental factors, simultaneously normalizing and denoising both spectral and chemical content data can suppress the impact of individual differences. Meanwhile, collecting more representative samples from various geographical origins can further improve the applicability and reliability of prediction models. Compared to traditional spectral techniques, HSI has the advantage of acquiring both spectral and image information from samples. With the prominent advantages of deep learning techniques in processing image information, it is necessary to integrate image and spectral information to further develop prediction models for millet samples, thereby broadening the application scope of HSI technology. Moreover, based on the effective wavelengths selected by the AM module in HSI, further efforts should be made to develop specialized, portable, and miniaturized hyperspectral systems to meet the demand for on-site rapid testing in future markets.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

SN: Writing – original draft. WG: Writing – original draft. SL: Writing – review & editing. ML: Data curation, Formal analysis, Writing – review & editing. TL: Data curation, Formal analysis, Writing – review & editing. JR: Data curation, Formal analysis, Writing – review & editing. SR: Data curation, Writing – review & editing. JW: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Hebei Province High-level Talent Funding Project (Grant no. C20231003); Science and Technology Research Project of Hebei Universities (Grant no. QN2024068); Cangzhou Normal University Research and Innovation Team (cxtdl2301); Hebei Natural Science Foundation (C2022110007); Hebei Agricultural University Talent Introduction Research Special Project (YJ2022009); Research project on basic scientific research business expenses of provincial universities in Hebei Province (KY2023023).



Acknowledgments

We thank Youyou Wang (State Key Laboratory for Quality Ensurance and Sustainable Use of Dao-di Herbs, National Resource Center for Chinese Materia Medica, China Academy of Chinese Medical Sciences) for his suggestions on writing this article and thank all the reviewers who participated in the review, as well as MJEditor (www.mjeditor.com) for providing English editing services during the preparation of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsufs.2024.1454020/full#supplementary-material



Abbreviations


AM, attention mechanism; R, coefficient of determination; CNN, convolutional neural networks; DON, deoxynivalenol; ZC, ergosterol; HSI, hyperspectral imaging; HPLC-MS, high-performance liquid chromatography-mass spectrometry tandem; LSTM, long short-term memory; MAE, mean absolute error; MSC, multiplicative scatter correction; ORI, original data without denoising processing; PGI, protected geographical indication; PLSDA, partial least squares discriminant analysis; PLSR, partial least squares regression; RF, random forest; RNNs, recurrent neural networks; RMSE, root mean square error; RPD, residual predictive deviation; SNV, standard normal variate; SVM, support vector machine; WT, wavelet transformation; WT-ALSTM, wavelet transformation-attention mechanism long short-term memory.


References

 An, D., Zhang, L., Liu, Z., Liu, J., and Wei, Y. (2023). Advances in infrared spectroscopy and hyperspectral imaging combined with artificial intelligence for the detection of cereals quality. Crit. Rev. Food Sci. Nutr. 63, 9766–9796. doi: 10.1080/10408398.2022.2066062


 Antonios, D., Guitton, V., Darrozes, S., Pallardy, M., and Azouri, H. (2010). Monitoring the levels of deoxynivalenol (DON) in cereals in Lebanon and validation of an HPLC/UV detection for the determination of DON in crushed wheat (bulgur). Food Addit. Contam. Part B Surveill. 3, 45–51. doi: 10.1080/19440040903514507


 Bai, R., Zhou, J., Wang, S., Zhang, Y., Nan, T., Yang, B., et al. (2024). Identification and classification of Coix seed storage years based on hyperspectral imaging technology combined with deep learning. Food Secur. 13:30498. doi: 10.3390/foods13030498 

 Balbino, S., Vincek, D., Trtanj, I., Egredija, D., Gajdos-Kljusuric, J., Kraljic, K., et al. (2022). Assessment of pumpkin seed oil adulteration supported by multivariate analysis: comparison of GC-MS, colourimetry and NIR spectroscopy data. Food Secur. 11:835. doi: 10.3390/foods11060835 

 Balli, D., Bellumori, M., Masoni, A., Moretta, M., Palchetti, E., Bertaccini, B., et al. (2023). Proso millet (Panicum miliaceum L.) as alternative source of starch and phenolic compounds: a study on twenty-five worldwide accessions. Molecules 28:6339. doi: 10.3390/molecules28176339 

 Borras-Vallverdu, B., Marin, S., Sanchis, V., Gatius, F., and Ramos, A. J. (2024). NIR-HSI as a tool to predict deoxynivalenol and fumonisins in maize kernels: a step forward in preventing mycotoxin contamination. J. Sci. Food Agric. 104, 5495–5503. doi: 10.1002/jsfa.13388


 Bu, Y., Jiang, X., Tian, J., Hu, X., Han, L., Huang, D., et al. (2023). Rapid nondestructive detecting of sorghum varieties based on hyperspectral imaging and convolutional neural network. J. Sci. Food Agric. 103, 3970–3983. doi: 10.1002/jsfa.12344 

 Chu, H., Zhang, C., Wang, M., Gouda, M., Wei, X., He, Y., et al. (2022). Hyperspectral imaging with shallow convolutional neural networks (SCNN) predicts the early herbicide stress in wheat cultivars. J. Hazard. Mater. 421:126706. doi: 10.1016/j.jhazmat.2021.126706 

 Dasa, F., and Nguyen, B. (2020). Relation among proximate compositions, rheological properties and injera making quality of millet varieties. Adv. Crop. Sci. Technol. 8:453.


 Dong, F., Bi, Y., Hao, J., Liu, S., Yi, W., Yu, W., et al. (2024). A new comprehensive quantitative index for the assessment of essential amino acid quality in beef using Vis-NIR hyperspectral imaging combined with LSTM. Food Chem. 440:138040. doi: 10.1016/j.foodchem.2023.138040 

 Dowell, F., Ram, M., and Seitz, L. (1999). Predicting scab, vomitoxin, and ergosterol in single wheat kernels using near-infrared spectroscopy. Cereal Chem. 76, 573–576. doi: 10.1094/CCHEM.1999.76.4.573


 Eldin, A., and Akyar, I. (2011). Near infrared spectroscopy. Wide spectra of quality control. 237–248


 Fan, J., Bi, S., Xu, R., Wang, L., and Zhang, L. (2022). Hybrid lightweight deep-learning model for sensor-fusion basketball shooting-posture recognition. Measurement 189:110595. doi: 10.1016/j.measurement.2021.110595


 Femenias, A., Gatius, F., Ramos, A., Sanchis, V., and Marin, S. (2021). Near-infrared hyperspectral imaging for deoxynivalenol and ergosterol estimation in wheat samples. Food Chem. 341:128206. doi: 10.1016/j.foodchem.2020.128206


 Galvao, R., Araujo, M., Jose, G., Pontes, M., Silva, E., and Saldanha, T. (2005). A method for calibration and validation subset partitioning. Talanta 67, 736–740. doi: 10.1016/j.talanta.2005.03.025


 General Administration of Quality Supervision (2011), inspection and quarantine of the People’s Republic of China, standardization administration. Inspection of grain and oils-determination of ergosterol in grain-Normal phase high performance liquid chromatography: GB/T 25221-2010, 12. Beijing: Standards Press of China, 1–8.


 General Administration of Quality Supervision (2017), inspection and quarantine of the People’s Republic of China, standardization administration. Determination of deoxynivalenol and its acetylated derivatives in national food safety standards: GB5009.111-2016 [S]. Beijing: Standards Press of China, 1–21.


 He, J., Chen, L., Chu, B., and Zhang, C. (2018). Determination of total polysaccharides and total flavonoids in Chrysanthemum morifolium using near-infrared hyperspectral imaging and multivariate analysis. Molecules 23:2395. doi: 10.3390/molecules23092395


 He, X., Guo, D., Lan, S., Zhang, H., Li, W., Ding, J., et al. (2007). Feasibility of ergosterol as an index to estimate grain safety degree. Grain Storage. 6, 22–26.


 Jia, P., Shang, T., Zhang, J., and Sun, Y. (2021). Inversion of soil pH during the dry and wet seasons in the Yinbei region of Ningxia, China, based on multi-source remote sensing data. Geoderma Reg. 25:e00399. doi: 10.1016/j.geodrs.2021.e00399


 Li, X., Yi, X., Liu, Z., Liu, H., Chen, T., Niu, G., et al. (2021). Application of novel hybrid deep leaning model for cleaner production in a paper industrial wastewater treatment system. J. Clean. Prod. 294:126343. doi: 10.1016/j.jclepro.2021.126343


 Liang, K., Huang, J., He, R., Wang, Q., Chai, Y., and Shen, M. (2020). Comparison of Vis-NIR and SWIR hyperspectral imaging for the non-destructive detection of DON levels in Fusarium head blight wheat kernels and wheat flour. Infrared Phys. Technol. 106:103281. doi: 10.1016/j.infrared.2020.103281


 Liu, G., Zhou, X., Li, Q., Shi, Y., Guo, G., Zhao, L., et al. (2020). Spatial distribution prediction of soil as in a large-scale arsenic slag contaminated site based on an integrated model and multi-source environmental data. Environ. Pollut. 267:115631. doi: 10.1016/j.envpol.2020.115631


 Lu, W., Jiang, Q., Shi, H., Niu, Y., Gao, B., and Yu, L. (2014). Partial least-squares-discriminant analysis differentiating Chinese wolfberries by UPLC-MS and flow injection mass spectrometric (FIMS) fingerprints. J. Agric. Food Chem. 62, 9073–9080. doi: 10.1021/jf502156n


 Lv, C., Jiang, X., Zhang, Y., Zhang, X., and Mao, W. (2016). Variable selection based near infrared spectroscopic quantitative analysis on wheat crude protein content. Trans. Chin. Soc. Agric. Mach. 47, 340–346. doi: 10.6041/j.issn.1000-1298.2016.S0.052


 Ma, H., Wang, J., Chen, Y., Cheng, J., and Lai, Z. (2017). Rapid authentication of starch adulterations in ultrafine granular powder of Shanyao by near-infrared spectroscopy coupled with chemometric methods. Food Chem. 215, 108–115. doi: 10.1016/j.foodchem.2016.07.156 

 Mahajan, P., Bera, M., Panesar, P., and Chauhan, A. (2021). Millet starch: a review. Int. J. Biol. Macromol. 180, 61–79. doi: 10.1016/j.ijbiomac.2021.03.063


 Mou, L., Zhou, C., Zhao, P., Nakisa, B., Rastgoo, M., Jain, R., et al. (2021). Driver stress detection via multimodal fusion using attention-based CNN-LSTM. Expert Syst. Appl. 173:114693. doi: 10.1016/j.eswa.2021.114693


 Onipe, O., and Ramashia, S. (2022). Finger millet seed coat-a functional nutrient-rich cereal by-product. Molecules 27:227837. doi: 10.3390/molecules27227837 

 Rocha, D., Oliveira, M., Furlong, E., Junges, A., Paroul, N., Valduga, E., et al. (2017). Evaluation of the TLC quantification method and occurrence of deoxynivalenol in wheat flour of southern Brazil. Food. Additives Contamin. 34, 2220–2229. doi: 10.1080/19440049.2017.1364872 

 Safdar, L. B., Dugina, K., Saeidan, A., Yoshicawa, G. V., Caporaso, N., Gapare, B., et al. (2023). Reviving grain quality in wheat through non-destructive phenotyping techniques like hyperspectral imaging. Food. Energy. Secur. 12:e498. doi: 10.1002/fes3.498 

 Saleem, S., Mushtaq, N., Shah, W., Rasool, A., Hakeem, K., Seth, C., et al. (2023). Millets as smart future food with essential phytonutrients for promoting health. J. Food. Compost. Anal. 124:105669. doi: 10.1016/j.jfca.2023.105669


 Shi, P., Zhao, Y., Qin, F., Liu, K., and Wang, H. (2023). Understanding the multi-scale structure and physicochemical properties of millet starch with varied amylose content. Food Chem. 410:135422. doi: 10.1016/j.foodchem.2023.135422


 Teixido-Orries, I., Molino, F., Femenias, A., Ramos, A., and Marin, S. (2023). Quantification and classification of deoxynivalenol-contaminated oat samples by near-infrared hyperspectral imaging. Food Chem. 417:135924. doi: 10.1016/j.foodchem.2023.135924


 Wang, Y., Kang, L., Zhao, Y., Xiong, F., Yuan, Y., Nie, J., et al. (2022b). Stable isotope and multi-element profiling of Cassiae semen tea combined with chemometrics for geographical discrimination. J. Food. Compost. Anal. 107:104359. doi: 10.1016/j.jfca.2021.104359


 Wang, X., Liao, W., An, D., and Wei, Y. (2018). Maize haploid identification via LSTM-CNN and hyperspectral imaging technology. arXiv doi: 10.48550/arXiv.1805.09105


 Wang, B., Sun, J., Xia, L., Liu, J., Wang, Z., Li, P., et al. (2021). The applications of hyperspectral imaging technology for agricultural products quality analysis: a review. Food Rev. Int. 39, 1043–1062. doi: 10.1080/87559129.2021.1929297


 Wang, Y., Wang, S., Bai, R., Li, X., Yuan, Y., Nan, T., et al. (2024a). Prediction performance and reliability evaluation of three ginsenosides in Panax ginseng using hyperspectral imaging combined with a novel ensemble chemometric model. Food Chem. 430:136917. doi: 10.1016/j.foodchem.2023.136917 

 Wang, L., Wang, Q., Liu, H., Liu, L., and Du, Y. (2013). Determining the contents of protein and amino acids in peanuts using near-infrared reflectance spectroscopy. J. Sci. Food Agric. 93, 118–124. doi: 10.1002/jsfa.5738 

 Wang, F., Wang, C., and Song, S. (2022a). Origin identification of foxtail millet (Setaria italica) by using green spectral imaging coupled with chemometrics. Infrared Phys. Technol. 123:104179. doi: 10.1016/j.infrared.2022.104179


 Wang, Y., Wang, S., Yuan, Y., Li, X., Bai, R., Wan, X., et al. (2024b). Fast prediction of diverse rare ginsenoside contents in Panax ginseng through hyperspectral imaging assisted with the temporal convolutional network-attention mechanism (TCNA) deep learning. Food Control 162:110455. doi: 10.1016/j.foodcont.2024.110455


 Wang, Y., Xiong, F., Zhang, Y., Wang, S., Yuan, Y., Lu, C., et al. (2023). Application of hyperspectral imaging assisted with integrated deep learning approaches in identifying geographical origins and predicting nutrient contents of Coix seeds. Food Chem. 404:134503. doi: 10.1016/j.foodchem.2022.134503 

 Wang, Y., Yang, J., Yu, S., Fu, H., He, S., Yang, B., et al. (2022c). Prediction of chemical indicators for quality of Zanthoxylum spices from multi-regions using hyperspectral imaging combined with chemometrics. Front. Sustain. Food. Syst. 6:1036892. doi: 10.3389/fsufs.2022.1036892


 Wang, Y., Zhang, Y., Yuan, Y., Zhao, Y., Nie, J., Nan, T., et al. (2022d). Nutrient content prediction and geographical origin identification of red raspberry fruits by combining hyperspectral imaging with chemometrics. Front. Nutr. 9:980095. doi: 10.3389/fnut.2022.980095 

 Weinstock, B., Janni, J., Hagen, L., and Wright, S. (2006). Prediction of oil and oleic acid concentrations in individual corn (Zea mays L.) kernels using near-infrared reflectance hyperspectral imaging and multivariate analysis. Appl. Spectrosc. 60, 9–16. doi: 10.1366/000370206775382631


 Workman, J. R., and Weyer, L. (2007). Practical guide to interpretive near-infrared spectroscopy, vol. 344. Boca Raton: CRC Press.


 Wu, Y., Peng, S., Xie, Q., Han, Q., Zhang, G., and Sun, H. (2019). An improved weighted multiplicative scatter correction algorithm with the use of variable selection: application to near-infrared spectra. Chemometr. Intell. Lab. Syst. 185, 114–121. doi: 10.1016/j.chemolab.2019.01.005


 Wu, L., and Qu, L. (2018). A review on the resource and processing of the millet. Food Res Dev 39, 191–196. doi: 10.5555/20183280206


 Yan, Y., Abdulla, R., Ma, Q., and Aisa, H. (2023). Comprehensive identification of chemical fingerprint and screening of potential quality markers of Aloe vera (L.) Burm. f. from different geographical origins via ultra-high-performance liquid chromatography hyphenated with quadrupole-orbitrap-high-resolution mass spectrometry combined with chemometrics. J. Chromatogr. Sci. 61, 312–321. doi: 10.1093/chromsci/bmad009


 Yang, L., Li, R., Cui, Y., Qin, X., and Li, Z. (2021). Comparison of nutritional compositions of foxtail millet from the different cultivation regions by UPLC-Q-Orbitrap HRMS based metabolomics approach. J. Food Biochem. 45:e13940. doi: 10.1111/jfbc.13940


 Yang, X., Wan, Z., Perry, L., Lu, H., Wang, Q., Zhao, C., et al. (2012). Early millet use in northern China. Proc. Natl. Acad. Sci. USA 109, 3726–3730. doi: 10.1073/pnas.1115430109 

 Yang, Y., Zhang, H., Wang, R., Deng, L., Qin, L., Chen, E., et al. (2019). Determination of yellow pigment content in foxtail millet. J. Chin. Cereal. Oil. Assoc. 34, 121–125.


 Yao, Y., and Long, M. (2020). The biological detoxification of deoxynivalenol: a review. Food Chem. Toxicol. 145:111649. doi: 10.1016/j.fct.2020.111649


 Yu, X., Wang, J., Wen, S., Yang, J., and Zhang, F. (2019). A deep learning based feature extraction method on hyperspectral images for nondestructive prediction of TVB-N content in Pacific white shrimp (Litopenaeus vannamei). Biosyst. Eng. 178, 244–255. doi: 10.1016/j.biosystemseng.2018.11.018


 Zhang, L., An, D., Wei, Y., Liu, J., and Wu, J. (2022). Prediction of oil content in single maize kernel based on hyperspectral imaging and attention convolution neural network. Food Chem. 395:133563. doi: 10.1016/j.foodchem.2022.133563


 Zhang, C., Wu, W., Zhou, L., Cheng, H., Ye, X., and He, Y. (2020). Developing deep learning based regression approaches for determination of chemical compositions in dry black goji berries (Lycium ruthenicum Murr.) using near-infrared hyperspectral imaging. Food Chem. 319:126536. doi: 10.1016/j.foodchem.2020.126536


 Zhao, T., Chen, M., Jiang, X., Shen, F., He, X., Fang, Y., et al. (2020). Integration of spectra and image features of Vis/NIR hyperspectral imaging for prediction of deoxynivalenol contamination in whole wheat flour. Infrared Phys. Technol. 109:103426. doi: 10.1016/j.infrared.2020.103426



Copyright
 © 2024 Nie, Gao, Liu, Li, Li, Ren, Ren and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 23 October 2024
doi: 10.3389/fsufs.2024.1448421








[image: image2]

An electrochemical sensor for simultaneous voltammetric detection of ascorbic acid and dopamine enabled by higher electrocatalytic activity of co-modified MCM-41 mesoporous molecular sieve

Guoxin Ma1*, Qiang Shi2, Xiuli Hou1, Yuxin Peng1 and Qian Liu1*


1School of Agricultural Engineering, Jiangsu University, Key laboratory of Modern Agricultural Equipment and Technology (Ministry of Education), Zhenjiang, China

2School of Science and Technology, Shanghai Open University, Shanghai, China

Edited by
 Xixia Liu, Hubei Normal University, China

Reviewed by
 Nan Hao, Nanjing University of Information Science and Technology, China
 Ding Jiang, Changzhou University, China
 Selvakumar Palanisamy, Khalifa University, United Arab Emirates

*Correspondence
 Guoxin Ma, mgx@ujs.edu.cn 
 Qian Liu, liuqian@ujs.edu.cn

Received 13 June 2024
 Accepted 08 October 2024
 Published 23 October 2024

Citation
 Ma G, Shi Q, Hou X, Peng Y and Liu Q (2024) An electrochemical sensor for simultaneous voltammetric detection of ascorbic acid and dopamine enabled by higher electrocatalytic activity of co-modified MCM-41 mesoporous molecular sieve. Front. Sustain. Food Syst. 8:1448421. doi: 10.3389/fsufs.2024.1448421
 

It is of great value to develop effective methods for accurately and simultaneously detecting ascorbic acid (AA) and dopamine (DA) in the field of biochemistry. This work reports a nonenzymatic electrochemical sensor for the simultaneous detection of AA and DA by employing a Co-modified MCM-41 (CoMCM-41) mesoporous molecular sieve as an efficient electrocatalytic material, which was synthesized by a two-step hydrothermal method. Subsequently, the high structural organization of the CoMCM-41 mesoporous structure was characterized, and the electrocatalytic performance of CoMCM-41 toward AA and DA oxidation was then evidenced by the catalytic effect of different electrodes modified with or without CoMCM-41. By virtue of the superior electrocatalytic activity of the CoMCM-41, a much wider peak potential difference (ΔEpa) of 310 mV was obtained for the oxidation of AA and DA in their mixture solution, and the parameters that influenced the electrochemical signals of the modified electrode were also optimized. Under optimal conditions, a good linear response to AA and DA was observed on the CoMCM-41 modified electrode. For individual detection of AA and DA, the linear ranges were 7 ~ 105 μM and 5 ~ 110 μM respectively, while the linear response range was 20 ~ 100 μM for simultaneous detection of AA and DA. Satisfactory recovery results were obtained when the fabricated sensor was applied to determine AA in orange juice and DA in madopar pill samples.
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1 Introduction

Electrochemically active biomolecules such as dopamine (DA) and ascorbic acid (AA) are important biomedical compounds that play a crucial role in the human metabolism process (Liang et al., 2023). Dopamine, the most significant catecholamine, is an important neurotransmitter widely distributed in the brain for message transfer in the mammalian central nervous system. Dysfunctions of the dopaminergic system are related to neurological disorders such as schizophrenia, Parkinson’s disease, and so forth (Li et al., 2021; Xia et al., 2023). Ascorbic acid, also known as vitamin C, is an important water-soluble cytosolic chain-breaking antioxidant in the mammalian brain. In the presence of several neurotransmitter amines, including DA, AA has been used to prevent and treat the common cold, mental illness, and cancer (Yang et al., 2023; Xu et al., 2021). Considering the vital functions of biomolecules mentioned above, it is essential to develop practical methods to accurately and rapidly detect DA and AA in neurochemistry and biochemistry fields. Because of their analogous properties, selective and simultaneous DA and AA determination has attracted much attention in biomedical chemistry and diagnostic research.

Numerous efficient methods, including colorimetry (Hao et al., 2023), chemometric-assisted kinetic spectrophotometry (Moghadam et al., 2011), and ultraviolet–visible spectrophotometry (El-Zohry and Hashem, 2013), have been developed in past years for the determination of DA and AA. Compared with those methods, electrochemical sensing has the merits of simple operation, low cost, high sensitivity, and rapid response (Zhang et al., 2020). However, DA and AA have similar electrochemical properties on bare electrodes, which complicate the identification of their oxidation potential. Also, the overlap of their volt–ampere responses could hinder their simultaneous determination (Peng et al., 2022). To overcome those shortcomings, various outstanding functionalized nanomaterials, including noble metal/alloy nanoparticles (Demirkan et al., 2020; Yang et al., 2019), polymers (Li et al., 2020; Zhang et al., 2020), and carbon-based materials (Zhao et al., 2019; Arya Nair et al., 2022; Han et al., 2024) have been introduced as modifying materials. Mesoporous molecular sieves have been vigorously pursued since ExxonMobil introduced M41S materials in 1992 (Beck et al., 1992; Kresge et al., 1992). Due to their unique pore structure and large specific surface area, silica-based mesoporous materials are very attractive and convenient for immobilizing different catalysts in various electrocatalytic fields ranging from oxygen reduction and biomass oxidation to electrochemical sensing (Chen et al., 2013; Zhang et al., 2017; Terra et al., 2019; Feng et al., 2019; Zablocka et al., 2019). Mobil composition of matter No. 41 (MCM-41) is a promising candidate for a silica-based catalyst and catalyst support for electrochemical sensors due to its hexagonally arranged uniform pore structure and high thermal stability (Jin et al., 2017). Nevertheless, most of those silica-based materials are electronic insulators, and incorporating an additional material, such as noble metal nanoparticles (Iminova et al., 2015), semiconductor quantum dots (Pabbi and Mittal, 2017), and carbon-based materials (Abraham et al., 2015) is commonly required to improve the charge transfer efficiency of silica-based materials for electrochemical applications (Eguílaz et al., 2018). A previous report found that the catalytic efficiency of MCM-41 was improved by heteroatom loading (Hassan et al., 2017), which provided a novel candidate catalyst for fabricating electrochemical sensors with good performance. The incorporation of metallic ions such as V, Fe and Co in the network structure of MCM-41 molecular sieves has showed good results for the oxidation of organic molecules (Cánepa et al., 2017), however, few studies have been reported the use of such mesoporous materials modified with transition metal of Co in the oxidation and simultaneous detection of biomedical compounds of AA and DA.

In the present study, an effective electrochemical sensor for simultaneous detection of AA and DA was developed by using Co-modified MCM-41 (CoMCM-41) as the electrocatalytic material (Scheme 1). X-ray diffraction (XRD) analysis, transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were used to characterize the as-prepared CoMCM-41 materials or CoMCM-41 based film. Then the electrochemical performance of the CoMCM-41 modified electrodes toward the oxidation of AA and DA were investigated by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) techniques. The peak-to-peak separation potential between the oxidation peaks of AA and DA on CoMCM-41 modified electrodes was bigger enough for simultaneous detection of them. Finally, the electrochemical characteristics of CoMCM-41 modified electrodes for the individual and simultaneous detection of AA and DA were investigated by a DPV method. More importantly, real sample analysis was done by using the proposed CoMCM-41 based electrochemical sensing method.
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SCHEME 1
 Schematic diagram for fabrication of CoMCM-41 based electrochemical sensor for simultaneous detection of AA and DA.




2 Experimental


2.1 Chemicals and solutions

Sodium silicate (Na2SiO3⋅9H2O), sodium meta-aluminates (NaAlO2), cobalt chlorate (CoCl2⋅6H2O), cetyltrimethyl ammonium bromide (CTAB) were purchased from Shanghai Chemical Reagent Co., P. R. China. AA and DA were obtained from the Fourth Chemical Reagent Company of Shanghai and Sigma-Aldrich (United States), respectively. Phosphate-buffered saline (PBS, 0.1 M) solution of different pH were prepared by mixing stock solutions of NaH2PO4 and Na2HPO4, and then adjusted by H3PO4 or NaOH solution. Pill of madopar was obtained from Roche medical company (Shanghai). All of the chemicals were of analytical reagent grade and were used without further purification. All other aqueous solutions were prepared with deionized water.



2.2 Apparatus

XRD measurement was carried out with a Rigaku D Max 2500 PC X-ray diffractometer. Surface area and pore size distribution were measured using an NOVA2000 surface area and pore size analyzer from Quntachrome Corporation, the surface area was calculated with Brunauer–Emmett–Teller (BET) method and pore size distribution, pore volume was calculated with Barrett–Joyner–Halenda (BJH) method (Barrett et al., 1951). TEM image was taken with a JEOL 2100 TEM (JEOL, Japan) operated at 200 kV, and SEM was obtained with a JSM-6480 field-emission scanning electron microscope. All electrochemical experiments including CV and DPV were performed with a CHI660 electrochemical workstation (Chenhua, Shanghai, China). A conventional three-electrode electrochemical system was used for all electrochemical experiments, which consisted of a glassy carbon electrode (GCE) working electrode, a Pt wire auxiliary electrode and a saturated calomel reference electrode (SCE), respectively.



2.3 Synthesis of CoMCM-41

With some modifications, the CoMCM-41 mesoporous molecular sieves were synthesized by a reported two-step hydrothermal method (Zhao et al., 2007). A composition of 2.13 g of Na2SiO3⋅9H2O, 0.12 g of NaAlO2, and 1.43 g of CoCl2⋅6H2O was dissolved in 50 mL of deionized water and mixed with a H2SO4/deionized water solution (volume ratio 1:1) to adjust the pH value of the solution to equal 11.0. The gel was stirred for 3 h at 90°C, then transferred into a 100 mL Teflon-inner-container stainless steel water boiler and kept in an oven at 200°C for 5 h. The reaction mixture was cooled to room temperature and poured into another beaker containing 10.23 g of Na2SiO3⋅9H2O. The sample was stirred, creating the colloidal suspension liquid precursor (sample I). 4.85 g of CTAB was added to 25 mL water in another beaker, creating a transparent, glue-like suspension liquid (sample II). Sample I was slowly dropped into sample II with vigorous stirring, and the pH was adjusted to 11.0 using H2SO4 solution. After 1 h of stirring, the mixture was introduced to the boiler and kept in an oven at 130°C for 48 h. Finally, the CoMCM-41 was obtained after cooling, filtering, rinsing with deionized water, and drying at 120°C for 24 h.



2.4 Preparation of CoMCM-41 modified electrode

A bare GCE was polished successively with 1, 0.3, and 0.05 μm alumina slurries. Then, it was rinsed with doubly distilled water and sonicated in ethanol and doubly distilled water for 5 min. A suspension of CoMCM-41 (10 mg/mL) was obtained by dispersing 10 mg CoMCM-41 in 10 mL of a 0.2% chitosan (CHI) solution. 10 μL of CoMCM-41 suspension was dropped to cover the surface of the electrode, then the CoMCM-41 modified electrode (denoted as CoMCM–CHI/GCE) was kept at 4°C for 12 h to dry, then stored for further use. With the help of the CHI employed in the CoMCM–CHI/GCE, the CoMCM-41 particles could be embedded on the surface of electrode much easier and successfully.




3 Results and discussion


3.1 Characterization of CoMCM-41

Figure 1A shows XRD patterns of the as-prepared CoMCM-41 at small angles. As shown, the sample had a distinct diffraction peak at (100) at 2θ of 2.3°, showing the high structural organization of the mesoporous structure (Zhao et al., 2007). The adsorption–desorption isotherms and pore size distribution curves of the sample are shown in Figure 1B, which shows that the adsorption–desorption isotherms of the sample were typical type IVs, indicating its mesoporous framework (Beck et al., 1992). Adsorption and desorption isotherms of the sample were obviously abrupt in a relative pressure range of 0.4–0.6, demonstrating that CoMCM-41 had a mesoporous larger pore size, which was consistent with the pore size distribution curve of CoMCM-41 in Figure 1C. It can be clearly seen form the TEM image (Figure 1D) that the as-prepared CoMCM-41 exhibited a mesoporous structure (Zhao et al., 2007). These results above indicated the successfully synthesized of CoMCM-41 mesoporous material. By virtue of its electrocatalytic activity, CoMCM-41 was then used for construction a sensing platform toward electrochemically active biomolecules of AA and DA. After the modification of electrodes, SEM was employed to characterize the morphology of the CoMCM–CHI film on the surface of GCE. Figure 1E shows the surface image of a pure layer of CHI, which formed a flat and homogeneous film across the entire section. However, after the CoMCM-41 particles were embedded by CHI on the electrode surface, the rugged appearance was observed obviously for the CoMCM–CHI film (Figure 1F), which indicated the successful modification of the CoMCM–CHI/GCE.
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FIGURE 1
 (A) XRD patterns of the as-prepared CoMCM-41; (B) adsorption and desorption isotherms of CoMCM-41; (C) the pore size distribution curve of CoMCM-41; (D) TEM image of CoMCM-41; SEM images of GCE modified with (E) 0.2% CHI and (F) CoMCM-41 dispersed in 0.2% CHI.




3.2 CV behavior of AA and DA on the modified electrode

Figure 2A illustrates the CV responses of bare GCE, CHI/GCE, and CoMCM-CHI/GCE recorded in 0.1 M PBS (pH 4.0) in the presence of 120 μM AA. It can be seen that the AA showed an irreversible oxidation peak and a much smaller CV peak response on the bare GCE (curve a). The anodic peak current of AA at the CHI/GCE (curve b) showed no obvious change compared with the bare GCE, whereas at the CoMCM–CHI/GCE (curve c), the peak current of the AA was 2.3 times larger than that of the bare GCE, and the peak potential shifted more negatively. At the same time, the anodic peak current of DA at the bare GCE showed a small anodic peak with a peak potential of approximately 500 mV (curve a in Figure 2B). An observed change of anodic peak current and a peak potential shift of 90 mV was obtained at the CHI/GCE (curve b), whereas a 2.1 times larger anodic peak current compared to the bare GCE was observed at the CoMCM–CHI/GCE (curve c). Those phenomena are clear evidence of the catalytic effect of the chemically modified electrode toward the oxidation of AA and DA. The CV responses of CoMCM–CHI/GCE scanned under different scan rate from 10 to 100 mV/s was displayed in Figures 3A,C, and it can be clear seen that the peak currents of the electrode were increased gradually with the increasing of the scan rate. As shown in Figures 3B–D, the peak currents of the CoMCM–CHI/GCE for the oxidation of AA and DA were linearly proportional to the scan rates in the range of 10 ~ 100 mV/s, indicating an adsorption-controlled electrode process for the electro-oxidation of AA and DA at the CoMCM–CHI/GCE (Han et al., 2023).
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FIGURE 2
 CV curves of bare GCE (a), CHI/GCE (b) and CoMCM-CHI/GCE (c) in 0.1 M PBS (pH 4.0) in the presence of 120 μM (A) AA and (B) DA, respectively.
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FIGURE 3
 CV curves of CoMCM-CHI/GCE in 0.1 M PBS (pH 4.0) with 20 μM (A) AA and (C) DA at various scan rates of 10, 20, 40, 60, 80, and 100 mV/s. The corresponding plots of peak current versus scan rate for (B) AA and (D) DA, respectively.




3.3 Optimization of the experimental conditions

The concentration of CoMCM-41 at the peak current of DA was investigated firstly. As shown in Figure 4A, the peak current of AA increased with the increase in CoMCM-41 concentration from 4.0 to 8.0 mg/mL, and little change of the peak current was observed when the CoMCM-41 content exceeded 8.0 mg/mL. Figure 4B shows that the peak current of DA increased with the increase in CoMCM-41 concentration from 4.0 to 10.0 mg/mL. Because of the sensitivity of the current response, 10.0 mg/mL of CoMCM-41 gel was chosen for electrode modification in this work. The effect of the pH value of PBS on the oxidation potential of AA and DA was studied in the range of 2.0 to 8.0 (Figure 4C). As shown, the peak potential of AA (curve a) shifted negatively by 75 mV/pH with the increase in pH. When pH < 5.0, the minimum potential was at pH = 5.0, and the peak potential stayed constant when pH > 5.0. Although the peak potential of DA (curve b) was proportional to pH, it shifted negatively by 60 mV/pH with the increase in solution pH. Therefore, 0.1 M PBS with a pH of 4.0 was selected for the following experiment.
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FIGURE 4
 Effect of CoMCM-41 concentration on the peak current for the oxidation of (A) AA and (B) DA, (C) effect of pH value on the peak potential for the oxidation of AA (a) and DA (b); (D) CV curves for oxidation of AA (120 μM) and DA (120 μM) at bare GCE (a), CHI/GCE (b) and CoMCM-CHI/GCE (c) in 0.1 M PBS (pH 4.0).




3.4 Oxidation of mixture of AA and DA at CoMCM-CHI/GCE

Ascorbic acid and DA always exist together in a biological environment, but simultaneous determination of AA and DA is difficult on a bare GCE and other solid electrodes. In this work, the peak potentials could be distinguished at the CoMCM–CHI/GCE. The CV behavior of an AA and DA mixed solution was studied on the bare GCE, the CHI/GCE, and the CoMCM–CHI/GCE. As shown in Figure 4D, the AA and DA showed 2 broad anodic peaks of 380 mV and 530 mV, respectively at the bare GCE (curve b). Only one overlapped peak (380 mV) was at the CHI/GCE (curve a). For the CoMCM–CHI/GCE, two well-defined peaks were observed at approximately 280 mV and 590 mV, corresponding to AA and DA oxidation, respectively, (curve c). The peak potential difference (ΔEpa) between the oxidation of AA and DA reached 310 mV, which was attributed to the promoted adsorption of these molecules on the porous nanostructure of CoMCM-41 film with high surface area and these abundant active sites (Zhang et al., 2018; Peng et al., 2023). More importantly, the ΔEpa of 310 mV obtained in this work was much bigger than those reported in the recent works listed in Table 1 (Peng et al., 2022; Yang et al., 2023; Celik Cogal et al., 2024; Jia et al., 2024; Darabi et al., 2023), indicating the high catalytic oxidation activity of the proposed CoMCM–CHI/GCE for simultaneous determination of AA and DA.



TABLE 1 Comparison of ΔEpa between AA and DA, CoMCM-CHI/GCE for AA and DA detection with different modified electrodes.
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3.5 Simultaneous determination of AA and DA

The electro-oxidation processes of AA and DA in the mixture were investigated by DPV when the concentration of one species changed while that of another species remained constant. Figure 5A gives the DPV recordings of the CoMCM–CHI/GCE with various DA concentrations in the presence of 100 μM of AA. As shown, the peak currents increased with the increasing of DA concentrations. The oxidation peak current was proportional to the DA concentration, and there was a linear relation between the oxidation peak currents of DA and its concentration over a range of 5 ~ 110 μM. The linear regression equation was I (μA) = 0.184 + 0.030CDA (μM), R2 = 0.985 (Figure 5B), and the limit of detection (LOD) was 1.7 μM (S/N = 3). Similarly, as shown in Figures 5C,D, the oxidation peak currents were proportional to the AA concentrations in the range of 7 ~ 105 μM with a LOD of 2.1 μM (S/N = 3). The linear regression equation was I (μA) = 0.138 + 0.404CAA (μM), R2 = 0.994. To demonstrate the analytical performance of the CoMCM–CHI based sensor, the linear response range and LOD were compared with previous reports in the literatures. As depicted in Table 1, the proposed sensor exhibited better or comparable performance toward AA and DA detection. Those results demonstrated that the CoMCM–CHI/GCE proposed in this work is a promising candidate for the simultaneous determination of AA and DA in a mixture without cross interference.
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FIGURE 5
 (A) DPV curves of CoMCM-CHI/GCE in 0.1 M PBS (pH 4.0) with different DA concentrations (from bottom to top: 0, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 μM) in the presence of 100 μM AA, (B) the calibration plot for DA detection, (C) DPV curves of CoMCM-CHI/GCE in 0.1 M PBS (pH 4.0) with different AA concentrations (from bottom to top: 0, 7, 10, 15, 20, 25, 30, 35, 45, 55, 65, 75, 85, 95, 105 μM) in the presence of 100 μM DA, (D) the calibration plot for AA detection.


Subsequently, the DPV responses of the CoMCM–CHI/GCE recorded in 0.1 M PBS (pH 4.0) with various concentrations of the two species were also investigated. As depicted in Figure 6A, the electrochemical responses of the CoMCM–CHI/GCE were increased gradually with the increasing of the concentrations of the two species from 20 to 100 μM, respectively and the oxidation peak currents of AA and DA were clearly separated from each other, which indicated that the electrochemical detection of the two species can be resolved well from their mixed solutions, resulted in the high accuracy of the sensor from the mutual interference. Figure 6B indicates that the oxidation peak currents of CoMCM–CHI/GCE increased linearly with increasing concentrations of both AA and DA in the concentration range of 20 ~ 100 μM, which demonstrated that the proposed CoMCM-41 based electrochemical sensor was possible to discriminate and simultaneously detect AA and DA in their mixture solution by the conventional DPV method.
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FIGURE 6
 (A) DPV curves of CoMCM-CHI/GCE for simultaneous detection of AA and DA in 0.1 M PBS (pH 4.0) with their changed concentrations (20, 30, 40, 50, 60, 70, 80, 90, and 100 μM from bottom to top), (B) the calibration plots for simultaneous detection of AA and DA.




3.6 Real sample analysis

The CoMCM–CHI/GCE was applied to measure AA in orange juice using a standard addition method; the results are listed in Table 2. As is shown, the recoveries and relative standard deviation for the determination of AA were in the ranges of 98.61–101.71% and 0.39–2.15%, respectively. That modified electrode was also applied to determine the recovery of a madopar pill in spiking DA using the standard addition method. One madopar pill was dispersed in 5 mL PBS to fit into the linear range of DA. The samples were diluted 12.5 times with PBS (pH 4.0) for detection. The diluted sample was spiked with various concentrations of DA, and its DPV could be obtained by the modified electrode. The recovery results are listed in Table 3. The recoveries and relative standard deviation for the determination of AA were in the ranges of 98.09–100.64% and 1.31–2.32%, respectively. Those recoveries and precisions were acceptable, showing that the modified electrode could be efficiently applied to determine AA and DA in real samples. Furthermore, to verify the reliability and accuracy of the proposed electrochemical sensing method, high-performance liquid chromatography (HPLC) was applied to detect these spiked samples for comparison. The consistency between the two methods shown in Tables 2, 3 confirmed the accuracy of the proposed electrochemical sensor for AA and DA detection.



TABLE 2 Determination of AA in orange juice with the proposed electrochemical sensor and standard HPLC method (n = 5).
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TABLE 3 Determination of DA in madopar pills with the proposed electrochemical sensor and standard HPLC method (n = 5).
[image: Table3]




4 Conclusion

In summary, Co-containing mesoporous molecular sieves of CoMCM-41 were synthesized successfully by introducing Co-saponite into the pore wall. XRD characterization, adsorption–desorption isotherms and pore size distribution curves indicated the high structural organization of the mesoporous structure. Employing the as-prepared CoMCM-41 as an ideal electrode modification material, the novel CoMCM–CHI/GCE had remarkable electrocatalytic activity for the oxidation of AA and DA simultaneously, and it needs to be emphasized that the proposed CoMCM–CHI/GCE showed a wider separation of peak currents between the oxidation of AA and DA. Good linear response to AA and DA was observed on the CoMCM-41 modified electrode, and satisfactory recovery results were obtained when the fabricated sensor was applied to determine AA in orange juice and DA in madopar pill samples. Those properties indicated that the CoMCM–CHI/GCE is promising for efficient AA and DA measurements in actual samples.
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Sample pretreatment is an essential procedure in pesticide analysis, as the matrix effect can significantly influence the results. In this study, a covalent organic framework (COF) was synthesized using 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TFPB) and benzidine (BD) to mitigate the matrix effect in vegetable and fruit samples. This COF was then used to develop a solid-phase extraction (CSPE) method. In addition, the COF was used to create a magnetic COF (MCOF) for use in magnetic solid-phase extraction (MSPE). The synthesized COF and MCOF were thoroughly characterized using scanning electron microscopy (SEM) for morphological analysis, Fourier-transform infrared spectroscopy (FT-IR) for chemical bond identification, and N2 adsorption–desorption measurements for porosity and surface area assessment. Key pretreatment parameters such as buffers, dilution rate, sorbent dosage, extraction time, elution solvent, and reuse number were optimized. The developed CSPE and MSPE showed excellent purification ability for the matrix of vegetable and fruit samples. The reuse test demonstrated that the synthesized COF and MCOF can be reused up to 15 times. Moreover, the developed CSPE and MSPE showed acceptable recoveries in spiked recovery tests, suggesting that these pretreatment methods were feasible for sample purification in pesticide analysis.

Keywords
 pesticide; covalent organic framework; pretreatment; solid phase extraction; magnetic solid-phase extraction


Introduction

Pesticides are widely used in agricultural production to control pests and diseases, making them the backbone of the agri-food sector in its endeavor to secure food production (Chen Z. Y. et al., 2023; Li H. et al., 2022; Ma et al., 2023). However, pesticides are typically used in large quantities, so they pose potential risks to organisms across various environments and demonstrate toxicity toward human beings (Meng et al., 2022; Zhang et al., 2023). Moreover, high levels of pesticide residue in food may cause chronic poisoning and even cancer (Pedroso et al., 2022; Yang et al., 2018). Therefore, to protect consumers from the hazards of pesticides, it is necessary to improve the monitoring of pesticide residues in foods.

Instrumental methods are commonly used for the detection of pesticide residues in foods due to their high accuracy, precision, reproducibility, and selectivity. Several instrumental methods for pesticide analysis have been reported, including HPLC-MS/MS (Dong et al., 2023), GC–MS/MS (Harischandra et al., 2021), AChE sensor (Dai et al., 2024), immunoassays (Guo et al., 2024), and electrochemical sensors (Ding et al., 2024). In non-targeted food safety analysis, it is crucial to ensure that the sample pretreatment eliminates matrix effects and retains chemical contaminants (Wang et al., 2021). Previous studies have reported advanced materials for cleaning up the extracts from vegetable or fruit samples, including carbon nitride materials (Pan et al., 2022), molecularly imprinted polymers (Abdulhussein et al., 2021), metal–organic frameworks (MOFs) (Liu et al., 2022), and covalent organic frameworks (COFs) (Wang et al., 2021). COFs possess metal-free π-conjugated backbone structures connected by covalent bonds and feature large specific surface areas, good thermal stability, and abundant pores (Dong et al., 2024; Liu et al., 2024; Zhang et al., 2024). Hence, COFs can effectively adsorb organic compounds and eliminate the interference of macromolecular impurities in the matrix by the size exclusion effect (Lin et al., 2020), making them suitable materials for sample pretreatment.

In this study, a novel COF was synthesized using 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TFPB) and benzidine (BD) to remove the matrix effect of vegetable and fruit samples (Scheme 1). The COF was used to prepare a solid-phase extraction (CSPE) method. It was further used to prepare a magnetic COF (MCOF) for the development of magnetic solid-phase extraction (MSPE). Moreover, key pretreatment parameters including buffers, dilution rate, dosage of sorbent, time for extraction, elution solvent, and number of reuses were optimized. Both pretreatment methods were used for pesticide analysis, and the results of the recovery test were verified using HPLC-MS/MS to evaluate the accuracy, reliability, and practicability of the two developed pretreatment methods.

[image: Figure 1]

SCHEME 1
 The development of CSPE and MSPE.




Materials and methods


Materials and reagents

Pesticide standards were purchased from Tanmo Technology Ltd. (Beijing, China). 1,2,4,5-Tetrakis-(4-formylphenyl)benzene (TFPB), benzidine (BD), N-2-hydroxyethylpiperazine-N-ethane-sulfonic acid (Hepes), Tris-(hydroxymethyl)-aminomethane (Tris), and 1,4-dioxane were purchased from Aladdin Chemical Technology Co., Ltd. (Shanghai, China). Amino magnetic beads (5 mg/mL) were supplied by Beaver Biomedical Co., Ltd. (Suzhou, China). Boric acid, acetonitrile, acetone, N,N-dimethylformamide (DMF), methanol, and ethanol were supplied by Damao Chemical Technology Co., Ltd. (Tianjin, China).



Instruments

Absorbance was measured using an HBS-Scan Y microplate reader (DeTie Biotechnology Co., Ltd., China). Centrifuge (TGL-15B) was purchased from Anting Scientific Instrument Factory (Shanghai, China). HPLC-MS/MS analysis was performed using a 1,290 Infinity-6495 system (Agilent Technologies, Inc., CA, USA) using a liquid chromatography column (Welch, 100 × 2.1 mm, 3.5 μm).



Preparation of COF

The synthesis of COF was according to the method reported by Li et al. (2023). Briefly, 19.8 mg of TFPB and 14.7 mg of BD were dissolved in 4 mL of 1,4-dioxane, respectively. Afterward, the two solutions were mixed, and 1 mL of 6 mol/L acetic acid was added subsequently. The mixture was rested at room temperature for 72 h in the dark. The product was washed with ethanol three times and dried at 60°C. Then, 10 mg of COF was added into a 3-mL SPE column to prepare CSPE.



Preparation of MCOF

First, 19.8 of mg TFPB and 14.7 mg of BD were separately dissolved in 4 mL of 1,4-dioxane each. Afterward, 1.0 mL of amino magnetic beads was added to the BD solution before adding the TFPB solution. Then, 6 M acetic acid was added and mixed. The mixture was rested at room temperature for 72 h in the dark. The product (MCOF) was washed with ethanol three times and dried at 60°C. The MCOF powder was used to develop MSPE.



Optimization of CSPE and MSPE

To develop CSPE and MSPE, several parameters were optimized, including types of diluents, dilution rate, types of eluents, and addition amount for COF and MCOF. The removal percentage of the matrix (R%) and elution efficiency (E%) were calculated using the following equations:
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Here, AS, AP, and AE are the absorption values at 666 nm for sample extract, purified solution, and eluent, respectively. The conditions for single-factor optimization are summarized in Supplementary Tables S1, S2.



Procedures of CSPE and MSPE

For the purification of CSPE, 3 mL of acetonitrile was added to the column for activation. Then, 1 mL of sample extract was loaded into the CSPE, and the flow speed was kept at 0.5 mL/min. After purification, the CSPE was renewed by washing with 5 mL of acetone.

For the purification of MSPE, 5 mg of MCOF was added to a 1.5 mL centrifuge tube. Afterward, 1 mL of acetonitrile was added for activation with the assistance of a vortex mixer for 30 s. Acetonitrile was removed after magnetic separation. The sample extract (1 mL) was subsequently loaded for 10-s vortex mixing. The pure extract was obtained after magnetic separation. The MCOF was renewed by washing with 3 mL of acetone after purification.



Sample purification

The sample purification step was performed according to the China National Food Safety Standard (GB 2763–2021, 2021). First, 10 g of samples (cucumber, Chinese cabbage, green grape, and pomelo) was homogenized and mixed with 10 mL of acetonitrile in a 50 mL polypropylene centrifuge tube. Then, 4 g of MgSO4, 1 g of NaCl, 1 g of sodium citrate, 0.5 g of sodium dihydrogen citrate, and a ceramic homogenizer were added and the tube was shaken vigorously for 1 min, followed by centrifuging for 5 min at 4200 r/min. Next, 1 mL of the upper layer was purified using a CSPE column or MSPE, respectively. The purified solution was filtered using a 0.22-μm membrane and analyzed using HPLC-MS/MS. The HPLC-MS/MS parameters are summarized in the Supplementary Tables S3, S4.




Results and discussion


Identification of COF and MCOF

This study synthesized SCOF and MCOF for sample purification owing to their large surface areas for matrix absorption. As shown in Figure 1, scanning electron microscopy (SEM) images revealed surface microstructures of COF and MCOF, displaying porous morphology. The irregular particle morphology of COF was observed in Figure 1A, and its dense porous morphology was clearly shown in Figure 1B, demonstrating the large surface area of COF. Based on the synthesized COF, the MCOF was further prepared. The SEM micrograph (Figure 1C) of the MCOF distinctly exhibited a spherical morphology, notably different from that of the COF. Moreover, the porous nanoflower morphology is clearly illustrated in Figure 1D, which can be attributed to the uniform growth of COF on the surface of amino magnetic beads.

[image: Figure 2]

FIGURE 1
 The SEM image of (A,B) COF and (C,D) MCOF.


To further analyze the structural characteristics of MCOF, a transmission electron microscope (TEM) was used. The TEM image of MCOF clearly showed that the Fe3O4 core was covered by the nanoflower structure of COF (Figures 2A,B). The element mapping graph showed the presence of Fe and O elements in the MCOF (Figures 2C,D), which can be attributed to the Fe3O4 core. Moreover, the Fe3O4 core was encapsulated by a nanoflower layer of C and N elements, with their presence being attributed to the formation of the C=N group (Figures 2E,F). The energy-dispersive spectrum of MCOF also verified the existence of Fe, O, C, and N elements (Figure 2G).
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FIGURE 2
 (A) The TEM image of MCOF; (B) the high-angle annular dark field (HAADF) of MCOF; the elemental mapping for MCOF: (C) C, (D) O, (E) N, and (F) Fe; and (G) the energy-dispersive spectrometer spectrum of MCOF.


Fourier-transform infrared (FT-IR) spectroscopy was further carried out to verify the conversion of COF and MCOF (Figure 3A). The broad bands located at 3500 cm−1 to 3,300 cm−1 belong to the N-H vibrations of amidogen (Chen Z. J. et al., 2023). The peak at 1620 cm−1 for COF and MCOF can be ascribed to the stretching vibration of the C=N group (Li W. et al., 2022). For COF and MCOF, the peaks ranging from 1,520 cm−1 to 1,430 cm−1 are indicative of the benzene ring (Wang et al., 2024), whereas the peaks between 860 cm−1 and 800 cm−1 correspond to the para-substitution of the benzene ring. These characteristics can be attributed to the structural elements of BD and TFPB. The weak stretching vibration of the Fe-O bond was observed at 587 cm−1 for MCOF (Li and Row, 2018). All the FT-IR spectra confirmed the successful synthesis of both COF and MCOF.
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FIGURE 3
 (A) The FT-IR spectrum for amino magnetic beads, COF, and MCOF; (B) the XRD of COD and MCOF; and the N2 adsorption–desorption isotherms of (B) COF and (C) MCOF.


The XRD patterns of COF and MCOF are shown in Figure 3B. Both COF and MCOF showed a strong diffraction peak at 2.22° (2θ), which was assigned to (100) diffractions (Li et al., 2023). Moreover, the broad diffraction band over the range of 15–25° indicates partial crystallinity within the two-dimensional COF and MCOF (Akyuz, 2020; Koonani and Ghiasvand, 2024). For MCOF, the strong diffraction peak at 35.5° and weak diffraction peaks at 30.1°, 43.1°, and 57.0° belonged to (311), (220), (400), and (511) diffractions for Fe3O4, respectively (Sajid et al., 2023). The above results indicated that the crystalline structure of COF and MCOF was well-retained. Moreover, the magnetic property of MCOF was investigated using a vibrating sample magnetometer (VSM). The hysteresis curve (Supplementary Figure S3) showed superparamagnetic behavior, with a coercivity of 36.4 Oe and a magnetization of 11.3 emu/g, indicating that MCOF can be used for efficient magnetic separation.

To further analyze the porosity of COF and MCOF, N2 gas adsorption/desorption isotherm was used. As shown in Figures 3C,D, the adsorption/desorption isotherm exhibited hysteresis loops with characteristic IV-type patterns, indicative of the concurrent presence of both micropores and mesopores within the COF and MCOF (An et al., 2023; Wu et al., 2024). The BJH pore distribution pattern of COF and MCOF (Figures 3C,D inset) revealed that the pore size was approximately 1.59 nm. The BET-specific surface area of COF was 122.0 m2/g. However, due to the core of the amino magnetic bead, the BET-specific surface area of MCOF only reached up to 58.3 m2/g. Hence, COF with high specific surface area and micropores can be effectively used for the absorption of matrix from food samples.



Development of CSPE and MSPE purification

Lettuce was used as a vegetable sample to optimize the parameters for the purification capacity of CSPE and MSPE. The UV–Vis spectrum of the lettuce sample extract exhibited a distinct absorption peak at 666 nm, whereas no prominent peaks were discernible within the range of 500 nm to 800 nm (Figure 4A). Therefore, the characteristic absorption peak at 666 nm was used as an indicator to evaluate the optimization parameters. For MCOF preparation, the usage of amino magnetic beads was optimized. As the amount of amino magnetic beads increased, the R% also increased accordingly (Supplementary Figure S1). Hence, the MCOF prepared using 1 mL of amino magnetic beads was used for subsequent optimization and MSPE development. For the diluent optimization, a parallel trend in R% was observed, and water demonstrated the highest R% for both CSPE and MSPE. Consequently, water was determined to be the optimal diluent (Figures 4B,C). Based on the optimized diluent, the effect of dilution rate on R% was further studied. For CSPE, as the dilution rate increased, the R% showed a decreasing trend, while the highest R% was observed for sample extract without dilution and MSPE (Figures 4D,E). Thus, it was inferred that the sample extract can be directly purified using CSPR or MSPE without any diluent, which is simple, convenient, and low-cost. For MSPE, the vortex time was investigated, and the results indicated that the matrix was removed after 10 s of vertexing, thereby demonstrating the remarkable purification ability of MCOF (Supplementary Figure S2).
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FIGURE 4
 (A) The UV–Vis spectrum of sample extract and purified solution; the diluent optimization for (B) CSPE and (C) MSPE; the dilution rate diluent optimization for (D) CSPE and (E) MSPE; the optimization of COF and MCOF addition for (F) CSPE and (G) MSPE, respectively; and the eluent optimization for (H) CSPE and (I) MSPE.


The addition amounts of COF and MCOF for CSPE and MSPE were further optimized, respectively. As the amount of COF increased, the R% for both CSPE and MSPE also increased (Figures 4F,G). The CSPE and MSPE achieved the highest R% with the addition of 10 mg of COF and 5 mg of MCOF, respectively, which were chosen as the optimal addition amounts. The eluent was further studied to investigate the feasibility of the reuse of COF and MCOF. As shown in Figures 4H,I, 1,4-dioxane exhibited remarkable elution capacity and achieved the highest E%. In contrast, alcohols (ethanol and methanol) showed poor elution ability. Therefore, 1,4-dioxane was chosen as the optimal eluent. Under the optimized conditions, the developed CSPE showed stable purification capacity during 15 reuse cycles, while the purification capacity of MSPE decreased slightly. However, the R% remained above 80% (Figures 5A,B). These results indicated that the synthesized COF and MCOF were suitable materials for low-cost pretreatment of vegetable and fruit samples.

[image: Figure 6]

FIGURE 5
 The reusability of (A) CSPE and (B) MSPE.




Recovery test

To assess the accuracy of the developed CSPE and MSPE, the recovery test was carried out. Samples (cucumber, Chinese cabbage, green grape, and pomelo) were spiked with 10 pesticides, respectively. Then, they were purified using CSPE and MSPE and analyzed using HPLC-MS/MS. The results are summarized in Tables 1, 2. The recoveries of CSPE and MSPE were 76–92% and 77.3–95.1%, respectively, with the coefficient of variances (CVs) of 1.75–9.55% and 1.63–12.9%, respectively. The results indicated acceptable recoveries, which can fulfill the pesticide maximum residue limits (MRLs) set by the Chinese government (GB 2763–2021, 2021), the European Union (EU Plant Pesticides Database, n.d.), the USA (States Environmental Protection Agency (EPA), n.d.), and the Codex Alimentarius Commission (Codex Alimentarius Commission Pesticide Index, n.d.). These findings demonstrated the accuracy and practicability of the developed CSPE and MSPE. Moreover, the developed MSPE required less usage and more convenient steps compared to CSPE. However, the CSPE showed potential for online HPLC or GC analysis. Therefore, these two formats of purification can both be used for monitoring, depending on the purification step that is required.



TABLE 1 Recovery of ten pesticides from spiked food samples using CSPE.
[image: Table1]



TABLE 2 Recovery of 10 pesticides from spiked food samples using MSPE.
[image: Table2]




Conclusion

This study synthesized a COF and further prepared an MCOF to develop CSPE and MSPE, respectively. The synthesized materials were characterized using SEM and FT-IR analyses. The results indicated the successful synthesis of COF and MCOF. The parameter optimization test suggested that the sample extract can be directly purified by CSPE and MSPE without dilution, which is simple, convenient, and efficient. Furthermore, the synthesized COF and MCOF can be regenerated and reused up to 15 times, which reduces the cost of sample purification. The recovery test showed acceptable recoveries for vegetable and fruit samples, which fulfill the MRLs set by most countries and organizations. In summary, the developed CSPE and MSPE are ideal purification methods and show potential for pesticide analysis in vegetable and fruit samples.
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Malachite green (MG), a triphenylmethane dye, is used in the aquaculture industry as a disinfectant and insect repellent due to its potent bactericidal and pesticidal properties. However, its use poses potential environmental and health risks. This study analyzed and designed two haptens using computer simulation. Serum data confirmed the feasibility of introducing an arm at the dimethylamine group. Subsequently, a highly selective monoclonal antibody strain was successfully prepared based on the hapten. After optimizing the working conditions of indirect competitive enzyme-linked immunosorbent assay (IC-ELISA), the IC50 value was 0.83 ng/mL, with a detection limit (IC10) of 0.08 ng/mL and a linear range of 0.19–3.52 ng/mL. The developed monoclonal antibody exhibited a crossover rate of less than 0.1% with other similar structures and can be used to establish an immunoassay.
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1 Introduction

Malachite green (MG) is a toxic triphenylmethane compound known for its strong bactericidal, fungicidal, and antiparasitic properties, making it one of the most effective drugs used in aquaculture (Hu et al., 2021; Wang et al., 2023). In fish, MG metabolizes into the more toxic leucomalachite green (LMG), which can persist in the organism for extended periods (Teepoo et al., 2020). Upon human ingestion, MG can induce apoptosis, trigger tumor formation, and damage DNA, leading to carcinogenesis (He et al., 2023). This has raised significant concerns globally. Health Canada has prohibited the sale of fish products containing MG or LMG residues exceeding 1 ng/g, a threshold stricter than the European Union’s 2 ng/g standard. Many countries and regions, including China and the United States, have imposed strict bans on its use in aquaculture (Zhou et al., 2019). Despite these regulations, some vendors continue to use MG illegally due to its low cost, effective antimicrobial properties, and the lack of suitable alternatives.

Current detection methods for MG rely primarily on large-scale instrumentation techniques such as liquid chromatography (Faraji et al., 2020), liquid chromatography-mass spectrometry (Chen et al., 2020; Hussain Hakami et al., 2021), ionization mass spectrometry (Xiao et al., 2020), capillary electrophoresis (Pradel and Tong, 2017), and Raman spectroscopy (Su et al., 2024; Zhang et al., 2024). Although these methods can accurately detect trace amounts of MG in aquatic products, they are time-consuming, costly, require specialized personnel, and are unsuitable for rapid on-site screening of large sample volumes. Therefore, there is a growing need for a rapid and highly specific detection method for monitoring MG residue levels. Immunoassay methods, as a novel analytical approach, offer advantages such as low cost, speed, simplicity (Wu et al., 2024), high sensitivity (Wang et al., 2024), and accuracy (Shin et al., 2024), potentially overcoming the limitations of traditional instrumental methods (Abdelhamid et al., 2024; Sayee et al., 2024; Yue et al., 2024). The effectiveness of immunoassays largely depends on obtaining antibodies with high specificity and affinity, which is critically influenced by the structure of the hapten.

Developing specific antibodies for MG has been a significant challenge. Xing et al. (2009) synthesized LMG derivatives with amino groups on the benzene ring as immunogenic haptens, while Oplatowska et al. (2011) used carboxyl-MG as the immunogenic hapten. Both methods successfully produced monoclonal antibodies (mAbs) but exhibited high cross-reactivity with crystal violet (CV). Shen et al. (2011) designed a novel immunogenic hapten with a carboxyl methoxy group directly on the phenyl ring; however, the resulting mAb also showed high cross-reactivity with CV. To address this issue, this study employed computer simulations of existing hapten research to identify key antigenic epitopes of malachite green. A novel hapten strategy was developed, leading to the successful production of highly selective and sensitive mAbs. Optimized using the indirect competitive enzyme-linked immunosorbent assay (IC-ELISA), the detection limit achieved was 0.08 ng/mL, facilitating the establishment of a specific immunoassay method for malachite green.



2 Materials and methods


2.1 Materials and instruments

Methyl aniline, N,N-dimethyl aniline, zinc chloride, 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC), N,N-dimethylformamide (DMF), and N-hydroxysuccinimide (NHS) were obtained from Aladdin Reagent Company. All other reagents used in the study met or exceeded analytical reagent grade standards. Female Balb/c mice were provided by the Guangdong Medical Laboratory Animal Center (SCXK (Yue) 2018-0002) and were subsequently housed and maintained at the South China Agricultural University Animal Center (SYXK (Yue) 2019-0136).



2.2 Synthesis of the MG hapten H1

As shown in Figure 1, Step 1: Add 7 g (6.5 mmol) of N-methylaniline to a 250 mL single-necked flask. Dissolve it completely in 100 mL of anhydrous methanol. Then, add 17 g (19.7 mmol) of methyl acrylate and 3 mL of triethylamine. React in an 85°C oil bath overnight to obtain compound 1 (8.8 g, 70%).

[image: Figure 1]

FIGURE 1
 The synthetic route of hapten H1 (a) and the synthetic route of hapten H2 (b).


Step 2: Add 100 mL of anhydrous ethanol to dissolve 8.8 g (4.5 mmol) of compound 1 in a 250 mL single-necked flask. Then add 4.6 mL (4.5 mmol) of benzaldehyde, 5.7 mL (4.5 mmol) of N,N-dimethylaniline, and 20 g (13.5 mmol) of zinc chloride. React at 100°C in an oil bath overnight. Concentrate the solution, adjust the pH to 8 with 10% aqueous sodium hydroxide, add an appropriate amount of ethyl acetate, and then pump-filter to obtain compound 2 (2 g, 10%).

Step 3: Dissolve 2 g (4.96 mmol) of compound 2 in 10 mL of methanol in a 100 mL single-necked flask. Add 10 mL of 10% aqueous sodium hydroxide solution and react at 70°C in an oil bath overnight. Concentrate the solution, adjust the pH to 8 with dilute hydrochloric acid, extract with an appropriate amount of ethyl acetate, and purify the residue by column chromatography (PE:EA = 15:1; 10:1; 1:1; EA) to obtain compound 3.

Step 4: Dissolve compound 3 in 20 mL of acetonitrile in a 100 mL single-necked vial. Slowly add 10 mL of an acetonitrile solution with DDQ while stirring. The color of the reaction solution will immediately darken. Stir the reaction for 0.5 h. Perform column chromatography purification to obtain a small amount of the target product MG-H1.



2.3 Synthesis of the MG hapten H2

As shown in Figure 2, Dissolve 1.5 g (10 mmol) of p-carboxybenzaldehyde in 60 mL of anhydrous ethanol in a 250 mL flask. Add 4 g (3 mmol) of zinc chloride and 4 mL (3.15 mmol) of N,N-diethylaniline, and reflux overnight. Prepare a 3:2 mixture of acetonitrile and methanol, then add DDQ to completely dissolve the compound. Weigh compound 4 into a 100 mL single-necked vial, add the mixture, evaporate the solvent, wash off the DDQ with ether, and purify the residue by column chromatography to obtain the green product MG-H2.

[image: Figure 2]

FIGURE 2
 Three-dimensional structure and surface electrostatic potential image of MG haptens.




2.4 Computer simulation of 3D structures and electrostatic potential maps

The three-dimensional (3D) energy-minimized structure of the MG hapten was constructed using Sybyl 8.1 (provided by Professor Xin’an Huang from Guangzhou University of Chinese Medicine). Initially, a sketch was created and then geometrically optimized using the standard Tripos force field, incorporating non-bonded interactions and Gasteiger-Hückel charges with an 8 Å cutoff, a termination gradient of 0.005 kcal/(molÅ), and dielectric constants based on previous research. The surface electrostatic potential of the obtained structure was generated using the MOLCAD surface program in Sybyl 8.1 with Gasteiger-Hückel charges.



2.5 Synthesis of immunogens and coating antigens

Immunogens and coating antigens were synthesized using previously established methods. Immunogens were prepared by conjugating haptens with carrier proteins, such as lactoglobulin (LF). Coating antigens were prepared by conjugating all haptens with bovine serum albumin (BSA). The structure of the final conjugates was verified using ultraviolet–visible (UV–vis) spectral data.



2.6 Hybridoma cell line preparation and screening

Female BALB/c mice aged 6–8 weeks were subcutaneously immunized with the immunogen, with four immunizations at 3-week intervals. A mouse exhibiting the highest titer against each immunogen was selected as the spleen cell donor for hybridoma production. Spleen cells from the immunized mouse were fused with SP2/0 myeloma cells, which had been revived 10 days prior to fusion, using 50% PEG 1500 as the fusion agent. The hybridoma cells were distributed in a 96-well cell culture plate and cultured in a medium containing 80% Dulbecco’s Modified Eagle’s Medium (DMEM), 20% Fetal Bovine Serum (FBS), and Hypoxanthine-Aminopterin-Thymidine (HAT). After 2 weeks, the medium was replaced with Hypoxanthine-Thymidine (HT). Cells were incubated in a cell culture incubator (37°C, 5% CO2). After 7 days, antibody titer and binding characteristics in the culture supernatant were tested using the same method as for serum. Cells with high affinity and specificity were subcloned using limited dilution until a stable monoclonal cell line secreting antibodies was obtained.



2.7 Production of mAbs

Animal experiments strictly adhere to the guidelines of Chinese laws and regulations, the studies involving animals were reviewed and approved by the Animal Ethics Committee of South China Agricultural University. The animal immunization and hybridoma preparation process was carried out according to the previously established protocol. Male BALB/c mice aged 10–12 weeks were injected with liquid paraffin. After 1 week, hybridoma cells were injected into the mice. Two weeks later, ascitic fluid was collected from mice with noticeably enlarged abdomens. Proteins were precipitated using ammonium sulfate and then purified using Protein A columns. Protein content was determined by ultraviolet spectrophotometry using the following formula: Protein Concentration/(mg/mL) = [1.45 A280–0.74 A260] × Dilution Factor.



2.8 Optimization and characterization of antibody performance

The IC-ELISA method was used to optimize working conditions, including antigen coating, antibody working concentration, and organic solvent tolerance. After optimization, a competitive IC-ELISA method was employed to establish a standard curve and determine the specificity of mAbs against MG analogs. The cross-reactivity rate was calculated using the formula:

[image: image]




3 Discussion


3.1 Hapten design

The design of haptens is paramount in antibody preparation. Recent hapten designs targeting MG have primarily focused on introducing reactive groups onto the benzene ring without incorporating dimethylamino groups. However, the prevailing trend in recent years has neglected the presence of dimethylamino groups, despite the fact that numerous monoclonal antibodies (mAbs) produced using these designs exhibit significant cross-reactivity with crystal violet, suggesting that the dimethylamino group could be a crucial factor contributing to this cross-reactivity. To validate this hypothesis, we conducted a systematic review of the latest advancements in the field and performed in-depth analyses utilizing computational modeling techniques. As depicted in Figure 2, due to the strong electron-donating property of nitrogen atoms, the structure of MG is highly negatively charged, thereby facilitating the formation of hydrogen bonds. In contrast, crystal violet possesses similar dimethylamino antigenic epitopes, which may undermine the selectivity of the prepared antibodies toward malachite green. Introducing spacer arms onto the benzene ring results in a more positively charged overall structure, disrupting the original high negative charge state. Notably, the charge associated with the central double bonds resembles that of the parent drug, and the incorporation of spacer arms alongside dimethylamino groups has minimal impact on the overall charge distribution. Consequently, we propose a novel hapten design (Hapten 1), which not only incorporates dimethylamino groups to enhance antigen selectivity but also retains the central double bonds to mimic the immunogenicity of the parent drug. Furthermore, to further enhance antibody coating efficiency, we devised another hapten (Hapten 2) featuring exposed dimethylamino groups, thereby strengthening its interaction capabilities with antibodies. This design strategy not only improves the immune recognition efficiency of antigens but also lays a solid foundation for the subsequent development of highly sensitive and selective immunoassay methods.



3.2 Production of mAbs

H1-LF and H2-LF were used as immunogens, and H1-BSA and H2-BSA were used as coating antigens for mouse immunization, respectively. After the fourth immunization, mouse serum was collected to determine antibody titer and affinity for MG (Table 1). Absorbance and corresponding inhibition rates of MG were used as evaluation criteria. For H2-LF, serum from mouse 3 exhibited the strongest recognition of MG at 200 ng/mL, with inhibition rates of 27 and 30% for H1-BSA and H2-BSA, respectively. For H1-LF, serum from mouse 2 showed inhibition rates of 63 and 45% for H2-BSA and H1-BSA, respectively. Both H1 and H2 haptens induced strong immune responses against MG, but H1-LF, enhanced by H2-BSA, demonstrated significant improvements in titer and inhibition rate. Consequently, mouse 2 (H1-LF) was selected for cell fusion experiments.



TABLE 1 Results of rat antiserum to MG.
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3.3 Antibody characterization and purification

Following cell fusion, monoclonal antibody M1 was obtained from H2-LF. Protein G affinity chromatography was used for purification due to its strong binding affinity with mammalian IgG. By adjusting the pH of the mobile phase, high-purity mAbs were achieved. The antibody was concentrated using dialysis bags covered with polyethylene glycol 20,000 at the bottom and surface. Observations were made every 30 min until the desired volume was reached. After a 4-h PBS dialysis exchange, the final concentration was determined to be 4.2 mg/mL.

As shown in Table 2, a comparison of the prepared monoclonal antibodies with previous studies revealed that the introduction of an arm onto the benzene ring that never contained a dimethylamino group resulted in a cross-reactivity with CV as high as 100%. Subsequently, the cross-reactivity decreased to 27% when an arm was introduced onto the dimethylamino group. This pattern also confirms that the dimethylamino group is the most crucial antigenic epitope for MG recognition. Based on this finding, this study further introduced a double bond to make the structure closer to MG. The successfully prepared monoclonal antibody not only outperformed previous studies in terms of sensitivity but also in specificity.



TABLE 2 Comparison of monoclonal antibodies to MG.
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3.4 Optimization of antibody performance

Theoretically, a decrease in the concentration of the coated antigen leads to a decrease in its own antibody’s competitive binding ability, while enhancing the competitive binding ability of the drug’s antibody. To maintain stable working conditions, the antibody’s working concentration needs to be adjusted upwards. In this experiment, the checkerboard method was used to optimize the concentrations of coated antigen and antibody. Under other consistent conditions, IC-ELISA was used to compare the IC50 values under different combinations of coated antigen and antibody concentrations. The resulting standard curve had the lowest IC50 value when the coated antigen concentration was 0.25 μg/mL and the antibody concentration was 125 ng/mL. Therefore, a coated antigen concentration of 0.25 μg/mL and an antibody concentration of 125 ng/mL were selected as the optimal working concentrations.

As shown in Figure 3, the buffer had little effect on MG. When the standards were diluted with PBST, the IC50 values were relatively low, indicating that PBST improved the detection sensitivity compared with distilled water. This enhancement may be attributed to the compositional similarity between PBST and the antibody diluent, which maintains the pH and ionic concentration of the buffer system, thus avoiding adverse effects on the antigen–antibody reaction. In contrast, buffers such as distilled water and phosphate buffer (PB) may disrupt this equilibrium and affect detection sensitivity. Therefore, PBST was chosen as the optimal diluent for the standard.

[image: Figure 3]

FIGURE 3
 The optimization of working conditions. Effects of coating antigen and antibody concentration (a), buffer (b) and amount of acetonitrile (c).


Due to the strong lipophilicity of MG, its standard solution mainly needs to be prepared with acetonitrile as the solvent. In the actual sample detection process, the concentration of organic solvents in the reaction system has an important influence on the biological activity of the antibody, the binding efficiency of antigen and antibody, and the solubility of the drug. Therefore, the concentration of acetonitrile in the PBST buffer solution was optimized to study the organic solvent tolerance of the antibody. The results showed that when the buffer contained a low concentration of acetonitrile, the PBST buffer could not dissolve the MG well, resulting in a higher IC50 value. When the acetonitrile content in the buffer was increased from 1 to 8%, the lowest IC50 ratio was observed at 4% acetonitrile content. However, when the acetonitrile content in the buffer reached 8%, some of the antibodies were inactivated due to the high concentration of organic solvent. Therefore, the PBST buffer containing 4% acetonitrile was selected as the optimal buffer system condition. In summary, after a series of optimization, the IC-ELISA standard curve of MG was established under the optimal experimental conditions: as shown in Figure 4, the IC50 value of MG detected by IC-ELISA was 0.83 ng/mL, and the linear ranges was 0.19–3.52 ng/mL, and IC10 was 0.08 ng/mL.

[image: Figure 4]

FIGURE 4
 Standard curve for malachite green monoclonal antibody.




3.5 Evaluation of antibody specificity

The specificity of the antibodies was evaluated using Malachite Green (MG), Leucomalachite Green (LMG), Crystal violet (CV), Leuco Crystal Violet (LCV), Einecs 284-783-6 (BG) and Leucobrilliant green (LBG) as structural analogs. As shown in Table 3, the cross-reactivity of anti-MG mAb with other structural analogs was below 0.1. This indicates that the design of dimethylamino group effectively improves the selectivity of the antibody, and also proves that dimethylamino group is the key antigenic recognition epitope of malachite green, confirming the feasibility of our strategy. The antibody prepared in this study can be used to further develop highly sensitive and selective immunoassay methods (Figure 4).



TABLE 3 Specificity of the anti-MG mAb.
[image: Table3]




4 Conclusion

In this study, two hapten were designed and synthesized, and computer simulations demonstrated that the spacer arm position of MG significantly affects the recognition of MG by the mAb. High-quality mAbs were subsequently prepared using these hapten, showing an IC50 value of 0.83 ng/mL, a detection limit (IC10) of 0.08 ng/mL, and a linear range of 0.19–3.52 ng/mL. This study presents a novel strategy for designing MG hapten, with great potential for application in immunoassay methods.
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Phthalic acid esters (PAEs) are often added to plastics to enhance elasticity, transparency, durability and prolong service life as a kind of plasticizer. However, they are not chemically bonded to polymers and are difficult to degrade, which makes it easy for them to release into the environment and enter the human body from various potential sources. This results in environmental pollution and poses health risks. In order to protect ecosystem, ensure food safety and prevent disease, there is an urgent need for sensors that can achieve point-of-care detection of PAEs. Optical sensors have advantages of simplicity, portability and low cost, and have been widely applied to the detection of PAEs. In this review, we focus on introducing the recent advancements and trends in optical sensors for detection of PAEs represented by colorimetric (CL) sensors, fluorescence (FL) sensors and surface-enhanced Raman scattering (SERS) platform. Based on recognition strategies (e.g., label-free, aptamer, molecularly imprinted polymer, antibody and enzyme), the significant achievements of these optical sensors in the past 5 years are systematically classified and described in detail. Researchers can quickly know the development status of optical sensors for detection of PAEs in the past 5 years. This review highlights the strengths of each sensor type while also identifying their application limitations, providing researchers with valuable insights into future directions for optical sensor research.
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1 Introduction

Phthalic acid esters (PAEs) are a series of ester compounds containing benzene ring, which are composed of dialkyl or alkylaryl esters of 1,2-benzenedicarboxylic acid (Lee et al., 2019). PAEs as plasticizers are extensively added to personal care products (e.g., nail polish and shampoo), drugs, solvent adhesives, food packaging, medical equipment, building materials and agricultural films (Wang Y. et al., 2019; Abeysinghe et al., 2022). PAEs are not chemically bound to the polymer, so they can easily release into environment and finally enter human body from various potential sources, which will cause environmental pollution and health threatening (Zhang et al., 2021). With the development of industrialization, a large number of PAEs are used in plastic products. Studies have shown that PAEs can be detected in the air, soil, water of the Yangtze River and the ocean (Chen, 2019; Hidalgo-Serrano et al., 2022; Mi et al., 2019; Wang W. et al., 2018). PAEs in the environment will be absorbed during plant growth, and will also enter and accumulate in the organism. That could cause significant toxic and side effects such as plant growth retardation, yield decline and quality degradation and will also have a huge negative impact on the biota (Cao et al., 2022; Wang F. et al., 2022; Sun et al., 2023; Zhang D. et al., 2023). PAEs have also been detected in agricultural products, most fermented food products and foods containing plastic packaging bags (Dong et al., 2019; Tan et al., 2018). These PAEs can cause harm to health after entering the human body through the food chain (Reyes and Price, 2018; Fu et al., 2023). Long-term intake of PAEs can affect neurotransmitter activity, lead to neurobehavioral disorders, and increase the risk of asthma in children (Kang et al., 2023; Garí et al., 2019; Huang P. C. et al., 2022; Zhao Y. et al., 2022). Up to now, there are more than 30 kinds of PAEs (Dong et al., 2024). Six kinds of PAEs including DEHP, DBP, butyl benzyl phthalate (BBP), dimethyl phthalate (DMP), diethyl phthalate (DEP) and di-n-octyl phthalate (DNOP) are listed as priority pollutants by the United States Environmental Protection Agency (USEPA), the European Union (EU) and China (Gong et al., 2024). The basic information about the above six PAEs is shown in Table 1.



TABLE 1 Six kinds of PAEs in restricted list and their basic information.
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The concentration of DEHP in drinking water should be lower than 8 μg/L (2.05 × 10−8 mol/L), which is one of the lowest molarity limits of pollutants including heavy metal ions, pesticides and polycyclic aromatic hydrocarbons recommended by the WHO (Net et al., 2015). China, the United States, Japan and other countries have regulated the content of these six PAEs in all toys and products of children to no more than 0.1% [Commission Regulation (EU), 2018]. China has put forward relevant suggestions on the maximum residue of PAEs in food. For example, the content of DEHP and DBP in liquor and other distilled liquor should not be higher than 5 and 1 mg/kg (Sate Administration for Market Regulation, 2019). About 600 million people around the world suffer from diseases after ingesting contaminated food every year, and about 10% of them die from diseases (World Health Organization, 2021). In recent years, food safety awareness has been widely spread among consumers, and food safety analysis methods have been continuously improved. However, issues related to food safety incidents are still the focus of attention in many developing countries (Soon et al., 2020; Selva Sharma et al., 2024; Ding et al., 2022). Therefore, the development of sensors that can achieve point-of-care detection of PAEs is of great significance for the prevention and control of PAEs. Optical sensors have the advantages of simplicity, non-destructiveness and portability, which are expected to realize the point-of-care detection of PAEs. A series of optical sensors for quantitative detection of PAEs have been developed (Zhang C. et al., 2023; Pablo et al., 2023; Ly et al., 2021). However, there is a lack of systematic summary for the current research on colorimetric (CL) sensors, fluorescence (FL) sensors, surface-enhanced Raman scattering (SERS) platform and dual-mode optical sensors for detection of PAEs. Therefore, this review aims to summarize the recent advancements of optical sensors including CL, FL, SERS and dual-mode sensors for detection of PAEs, from the aspects of detection mechanism and application. As shown in Figure 1, CL, FL, SERS and dual-mode sensors for detection of PAEs are discussed as follows: (i) The CL sensors for detection of PAEs are divided into direct detection and indirect detection. (ii) The FL sensors for detection of PAEs are classified to direct detection and labeled with FL probe. (iii) The different metal materials (e.g., Ag, Au, and Au-Ag) are used to construct the Raman substrate in SERS sensing platform. (iv) The bifunctional materials in the dual-mode sensor are discussed. In addition, it is quick to understand the development status of optical sensors for detection of PAEs in the past 5 years and the future research directions of optical sensors by this review. In conclusion, this review provides guidance for the rapid, real-time and sensitive detection of PAEs by optical sensors.

[image: Figure 1]

FIGURE 1
 Schematic diagram of common optical sensors for detection of PAEs.




2 Application of optical sensors for the detection of PAEs

Optical sensors detect small entities based on the interaction between light and matter with the strength of the principles of absorption, emission, and FL (Qin et al., 2022). When light interacts with objects, there are three forms of energy transfer: absorption, transmission and reflection. Owing to the differences in the internal biochemical components, texture and apparent morphology of the target compound, the optical signal is attenuated at different intensities. The optical sensors can collect the generated signal and visualize it into a spectral line through computers (Liu F. et al., 2023; Lu et al., 2020). Based on this, the type and concentration of the target can be determined. Optical sensors usually include a transducer component and a recognition unit that can interact selectively with targets. Various optical sensors currently have been developed for quantitative analysis include CL, FL, SERS. In these methods, color changes, FL generation and quenching, as well as changes in spectral patterns and peak shifts, are related to the concentration of the target. Moreover, the optical sensing system has immunity to electromagnetic interference, and can exhibit stable performance and high signal-to-noise ratio even in complex environments (Ma et al., 2023). Recently, optical sensors have also been widely used in the detection of PAEs. Next, the optical sensors for detection of PAEs will be described based on CL, FL, SERS, and dual-mode methods.


2.1 CL sensor for detection of PAEs

The CL methods can determine the content of the target by measuring or comparing the color depth of the colored substance solution. This method utilizes the absorption characteristics to the specific wavelength light of the colored substance to qualitatively analyze. The principle is that the color of the colored solution generated after the addition of the chromogenic agent or the color depth of the measured substance solution is proportional to the content of the substance (Wang Y. et al., 2022). The CL methods have many advantages: Firstly, CL methods allow in situ visual detection founded on color change without complex instruments (Jiang et al., 2022). Secondly CL sensor arrays provide an approach with simplicity and efficiency for the rapid detection and recognition of chemical substrates by utilizing digital imaging (Lin et al., 2023). Thirdly, CL sensors are easy to miniaturize and allow multiple analyses using a single control instrument at the central site. Fourthly, it can be used for the detection of explosive, flammable and toxic substances. In addition, it also has the advantages of high selectivity, non-destructiveness, fast response and low limit of detection (LOD) (Huang et al., 2018). In recent years, CL methods have made some progress in the detection of PAEs. The characteristics of CL sensors constructed in these works are shown in Table 2.



TABLE 2 Characteristics of the developed CL sensors for detection of PAEs.
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After converting PAEs into dyes, the total amount of PAEs at sub-micromolar levels can be easily determined by CL method. The CL method without recognition elements is known as direct detection. For example, the PAEs are hydrolyzed in sodium hydroxide solution, and then dehydrated to form phthalic anhydride. The product can be converted into a marker by reacting with resorcinol. The presence of PAEs can be determined by absorbance spectrophotometry (Yanagisawa and Fujimaki, 2019). This CL method provides a simple screening method for the detection of PAEs, but it cannot identify individual PAEs. Au nanomaterials display different colors according to their aggregation state, shape and size, which provide good platforms for the development of CL sensors in biological field. The development of Au nanomaterials has promoted the progress of CL detection (Yu et al., 2020). PAEs can cause the aggregation of functionalized Au nanoparticles (Au NPs), resulting in a change in the color of the solution, which provides a research idea for the detection of PAEs by CL sensors. Yan et al. (2021) proposed a simple and innovative CL method based on DBP-induced aggregation of arginine functionalized Au NPs (ARG-Au NPs). There is a strong non-covalent interaction between DBP and ARG-Au NPs (electrostatic, van der Waals force and hydrogen bonding), which leads to the decrease of electrostatic repulsion between the nanoparticles and aggregation. Therefore, the color of ARG-Au NPs changes from red to blue. When the concentration of DBP in the solution is more than 1.0 mg/L (3.59 × 10−6 mol/L), the color change of the solution can be obviously observed by the naked eye. In this system, DBP can be rapidly and semi-quantitatively detected without sample pretreatment technology and tedious operation. Recently, M13 bacteriophage-based sensors have also been widely studied for their flexible responses to changes in the target substance (Lee et al., 2023). The intermolecular interactions (or binding affinities) between the M13 bacteriophage and target chemicals can be regulated by genetic engineering techniques. When the external gas is exposed, the distance between the self-assembled M13 bacteriophage bundles will change, resulting in a change in the scattering color. The self-assembled structure has the characteristics of easy tunability and multi-functionality, so we have advantages in using M13 bacteriophage as sensor applications and biomaterials (Kim et al., 2023). Seol et al. (2019) studied the potential of CL sensors based on M13 bacteriophage for the analysis and detection of four PAEs (DEHP, DBP, DEP, and BBP) with similar molecular structures. The magnitude and pattern of the RGB color change vary due to the functional groups present in the PAEs structures. DEHP with a long alkyl chain causes a slight color change. BBP with an additional benzene ring has a large color change when measured. Because the tryptophan-histidine-tryptophan residues on the self-assembled phages contain imidazole and indole, the surface of the sensor constructed by the self-assembled phages can interact with the benzene ring in BBP by π-π interaction, resulting in a large color change. The CL sensor constructed in this study is multifunctional and can be applied to on-site screening. Although direct detection mode is simple, the selectivity of the CL sensors is limited.

By introducing recognition elements such as aptamers and antibodies into the CL method, the selectivity of the sensor can be improved. Horseradish peroxidase (HRP) is a natural enzyme with high selectivity and excellent catalytic efficiency, which is often used in the study of CL sensors (Zhao T. et al., 2022; Wang D. N. et al., 2019). Zhu et al. (2018) constructed an ingenious HRP-based CL immunosensor for detection of trace DBP in Figure 2A. In the presence of HNO3, a large amount of Cu (II) is released after Cu-MOFs@Ab2 is captured by the antigen-primary Ab1 complex. After the addition of sodium ascorbate, Cu (II) is further reduced to Cu (I), resulting in the inhibition of HRP-catalyzed colorless 3,3 ′, 5,5 ′ -tetramethylbenzidine (TMB) to blue oxidation product (oxTMB). The method shows good accuracy and reproducibility and the proposed immunosensor indicates great potential for trace DBP determination from environmental and food samples. However, nanozymes have a wide range of applications in many fields such as the detection of biomedicine, biosensing, pollutant and antibacterial products because of their advantages of economy, stability and large-scale preparation, compared with natural enzymes. As a kind of nanomaterial with a variety of enzyme-like activities and enzymatic catalytic properties, nanozymes have become a new strategy for design of CL sensors. Single-atom nanozymes have received extensive attention due to their unique structures and high enzyme-like activities of atomically dispersed metal sites, among the multitudinous nanozyme materials. They have displayed tremendous potential to replace natural enzymes in the field of disease treatment, environmental control, biochemical analysis and other fields (Zhang T. et al., 2022; Wang M. et al., 2020; Cai et al., 2021; Liu et al., 2020; Wu et al., 2021; Wang et al., 2023; Niu et al., 2019). At the same time, the aptamer can quickly and conveniently detect the target, and it can be introduced into the CL sensors to detect PAEs, which can simultaneously identify a variety of PAEs with similar structures (Chen et al., 2021). Zhang Y. et al. (2023) realized the detection of DEHP by using the aptamer of hemin-graphene chloride (H-Gr) hybrid and DEHP. The H-Gr nanocomposites have intrinsic peroxidase-like activity that can catalyze the colorless TMB to generate blue oxTMB. The constructed sensor has the potential to be an efficient tool for the detection of DEHP in water samples. Au NPs can also be combined with recognition elements to achieve selective detection of PAEs. Based on DNA-modified Au NPs, a simple and rapid method for the detection of DEP, DBP and DEHP was proposed by Guo et al. (2021). After DNA modification (aptamer-B, aptamer-E and aptamer-H), Au NPs can form aggregates in the presence of PAEs. Therefore, it can be observed that as the concentration of PAEs increases, the absorption ratio increases, and the solution shows an obvious color change from red to blue. Li et al. (2023) used a new strategy to combine Pt@Au nanozymes with high catalytic performance to create two catalytic signal probes: Pt@Au@Ab1 and Pt@Au@Ab2, which were specifically used to detect DMP and DBP, as shown in Figure 2B. These catalytic signal probes realize the simultaneous detection of DMP and DBP, which lay a foundation for the development of CL immunoassay. Although this CL sensor with indirect detection mode provides a powerful tool for simultaneous quantification of DMP and DBP in real samples, its linear ranges are relatively narrow. It is necessary to design novel materials with high activity and high stability to increase the sensitivity of sensors for detection of PAEs in real samples.
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FIGURE 2
 Scheme illustration of (A) the principle of the constructed CL immunosensor (Zhu et al., 2018) and (B) detection principle of the developed CL immunoassay (Li et al., 2023). Sodium ascorbate (SA).




2.2 FL sensor for detection of PAEs

The generation of FL is that the material can emit light when it returns to the ground state after absorbing short-wave energy (Jablonski, 1933). The condition for the FL of organic molecules is that the energy level difference between the highest occupied molecular orbital and the lowest unoccupied molecular orbital is small. The presence of fluorophore is a necessary condition for the generation of fluorescence. The FL sensors include two elements: recognition group and fluorophore, which are commonly used methods for detection of substances. These two elements can be connected in a conjugate system to achieve the detection of the target. The FL of the fluorophore will be affected, when the analyte is identified, giving rise to changes in FL signals such as FL lifetime and FL intensity. The fluorophore can convert the information of the analyte into a FL signal, so as to achieve simple and highly selective detection (Liu et al., 2020). Due to the increasing requirements for the detection ability and stability of FL sensors, more and more emerging nanomaterials (e.g., Au NPs, MoS2 nanosheets, graphene oxide, and carbon nanotubes) have been applied to FL sensors to improve sensor performance. Nanomaterials have efficient FL quenching characteristics, which promote the development of FL sensors (Liu et al., 2020; Lan et al., 2018; Guo et al., 2011). The research on the detection of PAEs by FL method in recent years is summarized in Table 3.



TABLE 3 Characteristics of the developed FL sensors for detection of PAEs.
[image: Table3]

It is well known that PAEs themselves do not emit light, but they can be converted into luminescent products. For example, PAEs are hydrolyzed into FL-free PAEs in a strong alkaline solution, which then react with hydroxyl free radicals generated during photo-Fenton process catalyzed by vermiculite-loaded BiFeO3 to produce a fluorescent product. The FL intensity is proportional to the concentration of PAEs, based on which the sensitive detection of PAEs can be realized (Zeng et al., 2017). In order to improve the FL intensity of PAEs derivatives, Qiu and Li (2018) proposed a simple method for detection of PAE derivatives by FL spectroscopy founded on a double-substitution modification. This method does not affect the function (stability and insulation) of the sensor. The detection of PAEs derivatives is more environmentally friendly, because the toxicity, mobility, and persistence of PAE derivatives are reduced to varying degrees compared with PAEs, and their amounts of bioaccumulation are not changed obviously. In order to realize the detection of PAEs, Lu et al. (2021) proposed a BODIPY fluorescent dye (3-(4-(5,5-difluoro-2-(4-(hydroxymethyl) phenyl))-1,3,7,9-tetramethyl5H-5 l4,6 l4-Bispyrrole [1,2-c:2′,1′-f] (Lee et al., 2019; Abeysinghe et al., 2022; Wang Y. et al., 2019) borothiaserine-10-yl) phenyl)-2-(4-nitro) phenylnier (BCNOH) modified with p-nitrodiphenyl acrylonitrile and hydroxymethyl phenyl group, as shown in Figure 3A. BCNOH is turned on by PAEs to form a non-emission water caged BCNOH. The combination of water caged BCNOH and PAEs can generate nano FL dyes (nano-BCNOH). Hydroxymethyl phenyl group of BCNOH could bind more DBP. The trigger that turned on the FL emission is the interaction between p-nitrodiphenyl acrylonitrile and DBP. The results show that weakening the isomerization of water caged BODIPY dyes provides a potential method for turn-on FL sensors. Although the method is simple, it is not sensitive.
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FIGURE 3
 Schematic illustration of (A) BCNOH and phthalates and water assembled nanoparticles to turn on the FL emission (Lu et al., 2021) and (B) MoS2 QDs/CdTe-Apta for the DEHP detection assay (Wang Y. et al., 2021). Lowest Unoccupied Molecular Orbital (LOMO), Highest Occupied Molecular Orbital (HOMO).


Fluorophores or fluorescent dyes have been used widely as mediums to gain readout signals in various assays or bioimaging due to their versatilities such as biocompatibility (Huang X. et al., 2022). Those fluorescent dyes-based techniques manipulate glycan-lectin interaction, base complementation, Ab-protein interaction, etc., for the selectivity analysis of molecular interactions of biomacromolecules (Luan et al., 2016). Although PAEs themselves do not emit light, they can be labeled with fluorescent labels for detection through emission (Savicheva et al., 2020) In recent years, quantum dots (QDs), as an emerging nanomaterial, have been widely used in the study of fluorescent sensors because of their ability to enhance FL signals. CdTe QDs can also be combined with MoS2 QDs (Figure 3B) that provide self-calibration signals to construct a proportional FL sensor system for the detection of DEHP (Wang Y. et al., 2021). Zhou et al. (2017) synthesized a novel fluorescent molecularly imprinted polymer (SiO2@QDs@MIP) based on Mn-doped ZnS QDs and SiO2 nanoparticles. The composites exhibit outstanding molecular recognition ability of MIP and optical properties. It can recognize the template molecule DBP with high selectivity. The QDs of metal oxides [such as ZnO (Wang Y. et al., 2018)] or metal compounds [such as CdTe (Chen et al., 2022)] as optical materials can be combined with MIP to achieve selective detection of DEHP and DBP in Figure 4A. Graphene QDs (GQDs) can be quenched by Au NPs. Based on this, an aptasensor can be developed for detection of 11 PAEs (Lim et al., 2022). Carbon dots (CDs) have the characteristics of real-time and non-destructive detection. CDs have been widely applied in rapid detection. Some studies have used CDs to detect PAEs, such as Chen et al. (2023a) reported an ultrasensitive FL immunoassay using red CDs@SiO2 (R-CDs@SiO2) as tags for trace detection of DEP. SiO2 as a nanocarrier can effectually enhance the utilization rate and bio-functionalization of CDs. In addition, R-CDs embedded in SiO2 nanospheres (NS) can enhance sensitivity and amplify the FL signal. The FL immunosensor constructed by R-CDs@SiO2 coupled with anti-DEP Ab can realize the selective recognition of DEP. Ashokan and Bhunia (2023) synthesized nitrogen and boron co-doped yellow FL CDs (B, N-C-dots). These B, N-C-dots selectively detect PAEs in aqueous solution, and the FL quenching rate is as high as 95% after PAEs treatment. The method for labeling amino-modified nucleic acid aptamers using double-emission CQDs provides more precise results and has a stronger anti interference ability compared with the single wavelength emission method. Therefore, the sensor can be used for detection of DBP in soybean oil and edible liquor (Wang X. et al., 2020). The tricolor ratiometric FL sensors have a wider range of color variations in the visual detection of DBP compared with single-emission or dual-emission sensors. It provides an ideal choice for intuitive and rapid detection of DBP in the aquatic products and environment (You et al., 2022). Other nanomaterials with efficient FL quenching properties have also been used in the study of FL sensors. Zhu et al. (2019) established a dual-label time-resolved FL immunoassay using europium (Eu3+) and samarium (Sm3+) as fluorescent markers to detect DEP and DBP in aquatic environment. In order to shorten the detection time, Kim et al. (2020) proposed a non-equilibrium rapid replacement aptamer (NERRA) assay, which could perform ultra-fast (in 30 s) quantitative detection of PAEs without waiting for the reaction to reach equilibrium. The PoPo3 dye is embedded into the aptamer of ssDNA by NERRA assay. When the intercalated dye is replaced by PAEs, it will quench in water. The change rate of FL is proportional to the concentration of PAEs. Based on this, PAEs in water can be selectively detected and quantified. As shown in Figure 4B, Dolai et al. (2021). combined the nanocomposites composed of poly-cyclodextrin and graphene oxide with the molecular imprinting of DBP. The molecular imprint inside the nanocomposite can achieve selective capture of DBP. After that, the “turn on” detection of the constructed FL sensor is realized by the competitive binding of graphene oxide and fluorescein. The combination of nanocomposites and paper strips can be used for rapid and simple read out detection of DBP in polluted water. In order to improve the impact of the inherent interior correction calibration on the environment and improve the accuracy and precision, Meng et al. (2022) combined the dual-output ratiometric FL assays with the enzyme-linked immunosorbent assay (ELISA) to construct a ratiometric FL immunoassay based on Ag NPs for the detection of DBP. Ag NPs are labeled on the Ag NPs@Ab2 for signal amplification to regulate the concentration of H2O2. The addition of H2O2 can effectively quench the blue fluorescence of scopoletin and produce the red fluorescence of Amplex Red, when Ag NPs-Ab2 and antigen–primary Ab1 are linked by selective recognition. Founded on a new tetrahedral DNA nanostructure (TDN) -scaffold-DNAzyme (Tetrazyme), Zhu et al. (2021) established a high-throughput proportional FL amplification ELISA for the detection of DBP in aquatic systems. Among them, the HRP-mimicking enzyme is derived from the Tetrazyme formed by the precise folding of the G-quadruplex sequence on the three apexes of hemin and TDN. The rigid TDN can avoid the local crowding effect, thus providing a reasonable spatial spacing for the G-quadruplex sequence on the interface. In addition, it can also enhance the catalytic ability of the DNAzyme, thereby increasing the chance of collision between the substrate and the DNAzyme. In summary, the sensor provides a potential strategy for rapid detection of DBP in environmental water. However, the sensor suffers from various interferences such as non-selective binding and cross-fluorescence reactions in the actual environmental. In addition, the direct detection mode of FL methods is currently unable to achieve selective recognition of single PAE. To obtain the FL sensors with simplicity and portability, the composite materials combine function of recognition and signal amplification should be carried out.
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FIGURE 4
 Schematic illustration of (A) MIP@QDs for preparation (Wang Y. et al., 2018) and (B) the preparation of the poly-cyclodextrin–graphene oxide nanocomposite with DBP molecular imprinting. The a-CDs are spatially aligned in the imprinted polymer according to their interaction with DBP (Dolai et al., 2021). 2,2′-azobis(2-methylpropionitrile) (AIBN), Ethylene glycol dimethacrylate (EDGMA), 3-(Methacryloyloxy)propyltrimethoxysilane (KH-570), Tetrafluoroterephthalonitrile (TFN), Graphene oxide (GO).




2.3 SERS platform for detection of PAEs

SERS is an ultrasensitive vibrational spectroscopy technique for analyte characterization and determination. It has remarkable characteristics such as high resolution, fingerprint recognition, nondestructive and strong anti-interference ability to samples (Guo et al., 2020). Raman scattering is that when light interacts with matter, photons will exchange energy with molecules in matter, resulting in a slight change in the frequency and intensity of light. The signal intensity of SERS is vastly affected by the modification of Raman dyes in plasmonic hot spots and the compositional details and structural of the plasmonic nanostructures (Xue and Jiang, 2023). Therefore, the key to obtaining strong, controllable and quantifiable SERS signals is a strategy for high-yield and accurate synthesis of plasmonic nanostructures with strong enhanced electromagnetic fields and the controllable modification of the number and position of Raman dyes in plasmonic hotspots (Nam et al., 2016). The Raman activity of PAEs is poor, and the affinity of metal surface is very low, which greatly hinders the realization of direct and effective detection of PAEs by SERS. The equivalent charge oscillation on the metal surface can produce an electric field enhancement effect, which makes the Raman scattering signal of the material greatly enhanced. Therefore, the SERS platform for detection of PAEs are based on metal nanomaterials. The SERS platform characteristics currently used for detection of PAEs are shown in Table 4.



TABLE 4 Characteristics of the developed SERS platform for detection of PAEs.
[image: Table4]

SERS is an ultra-sensitive analytical tool that usually measures single molecules by an obviously enhanced Raman scattering signal of molecules located near the surface of metals such as Au, Ag, and Cu (Zhang T. et al., 2023; Liu et al., 2024; Wang et al., 2024). As the first material to appear Raman signal, Ag has been studied a lot in recent years because of its strong Raman signal (Fleischmann et al., 1974; Li et al., 2016; Li et al., 2021). A high-density ordered SERS substrate based on triangular Ag NP (T Ag NP) array self-assembly is developed for detection of DBP (Xu S. et al., 2021). The sharp edges and ordered arrangement of T Ag NPs can offer uniform and sufficient hotspots for highly active and reproducible SERS effects. Wang et al. (2023) developed a two-dimensional (2D) Ag plate synergizing with a Ag sol as a SERS substrate for the detection of potassium hydrogen phthalate (PHP), a hydrolysate of a PAE in Figure 5A. The results show that the detection of PHP by SERS platform is hopeful to offer a way for the detection of PAEs in fats and oils, and has prospect application prospects in food safety. By combining Ag with other metal nanomaterials, such as Fe3O4@MIP@Ag, the detection of DMP can be realized by SERS characterization. Ag@Fe3O4@Ag/β- cyclodextrin (CD) NPs as a SERS active substrate is shown in Figure 5B (Zhou et al., 2019). When malachite green is used as a probe molecule, the substrate is proved to have good repeatability and sensitivity. Recently, MOFs have received extensive attention in the research of SERS platforms due to their excellent absorption capacity to capture target molecules entering the electromagnetic field. In the detection of sensors, Ag nanowires (NWs) are embedded in functionalized metal–organic frameworks ZIF-67 (ZIF-67@Ag NWs) composite as substrate to construct a platform for highly sensitive detection of six kinds of PAEs (Xu et al., 2023). In addition, Ag NPs can also be grown on the surface of MOFs octahedron UIO-66 (UIO-66@Ag NPs) with large specific surface area and high porosity to form a composite SERS substrate for detection of DEHP. The prepared UIO-66 @ Ag NPs substrate has good adsorption performance for DEHP, and it can reduce the aggregation of Ag NPs, thereby increasing the “hot spots” formed by local surface plasmon resonance (LSPR) of Ag NPs. This work preliminarily discusses the SERS enhancement mechanism of UIO-66@Ag NPs substrate, and the SERS signal enhancement factor of the platform is calculated to be about 1.1 × 107. The results show that this method provides a suitable way for the monitoring of DEHP in plastics by studying advanced SERS sensing materials (Xu H. et al., 2021). Ag can also be combined with non-metallic materials to prepare high-performance SERS substrates. The most common is to combine with SiO2 to prepare composite materials such as self-assembly of monodisperse SiO2 colloidal spheres on silicon wafers, and then coating Ag layer on them to prepare SERS substrates. Ag NPs can also be gathered together and coated with silica. The obtained Ag/SiO2 SERS substrates can achieve rapid and sensitive detection of PAEs (Tu et al., 2019; Wu et al., 2018).
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FIGURE 5
 Schematic illustration of (A) SERS detection of PAEs in oil (Wang et al., 2023) and (B) the SERS detection of BBP and Ag@Fe3O4@Ag/β-CD NPs (Zhou et al., 2019). Polyethylenimine (PEI).


Although the Raman signal of Ag is very good, Ag NPs are easily oxidized in the air, giving rise to the weakening of the surface plasmon resonance effect and affecting the Raman enhancement effect. Therefore, it is also a research direction to explore other metal materials with better performance to replace Ag NPs. Au NPs, with antibacterial activity, unique surface plasmon resonance effect and biocompatibility, are intermediates between metal blocks and atoms. Spherical Au NPs have potential applications in optics due to their low toxicity, good photoelectric properties, excellent biocompatibility and high surface-to-volume ratio. Au NPs can increase surface compatibility by surface modification with different substances. Therefore, a SERS detection platform based on Au NPs can be constructed for the analysis of PAEs (Liu L. et al., 2023). Simply, the analyte BBP molecules can be loaded into the nanogaps with SERS activity in the Au array by inducing the self-assembly of Au NPs at the organic/water interface, thereby achieving sensitive detection of BBP (Liu et al., 2018). Au NPs are easily anchored and growth on bio-inspired polydopamine MIP (PDA-MIP) coating to form a three-dimensional (3D) architecture, as shown in Figure 6A. The distribution and particle size of PDA and Au NPs can be well controlled through adjusting the reaction conditions. The Au NP/PDA-MIP nanocomposite can be used to construct an excellent SERS sensing platform for selective recognition of PAEs (Yang et al., 2020).
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FIGURE 6
 Scheme illustration of (A) the preparation of Au NP/PDA-MIP/SPE and the constructed SERS-active platform for PAEs selective recognition in different real samples (Yang et al., 2020) and (B) the Au NS@Ag NCs and it use as a SERS active platform for the detection of BBP (Wang Q. et al., 2021). Dopamine (DA), Hexadecyl trimethyl ammonium chloride (CTAC).


The anisotropic growth of bimetallic nanostructures can not only skillfully integrate the two properties into one nanoarchitecture, but also highly improve the original properties. Therefore, people are committed to synthesize anisotropic bimetallic nanostructures by selectively growing a second material on the template nanostructures (Yang et al., 2023). Among them, anisotropic Au-Ag bimetallic nanostructures are prominent SERS platforms (Zhang et al., 2018). Wang Q. et al. (2021) combined the SERS strategy with plasmonic core–shell Au NS@Ag nanocubes (Au NCs) with abundant LSPR as substrates and successfully used it for sensitive and rapid detection of BBP in liquor. As shown in the Figure 6B, the synthesized Au@Ag NCs composed of Ag cuboid shells and Au nanorod (NR) cores can produce broader and richer plasmon resonance modes than Au NRs (Wang Q. et al., 2021). In this system, the unique core-shell Au@Ag NCs are used as SERS active substrates. The SERS sensing platform based on this SERS substrate realizes the detection of BBP content in liquor samples, and the LOD is as low as 1.3 mg/kg. Therefore, the unique bimetallic material provides an effective tool for the sensitive and rapid detection of PAEs in liquor samples. Ansah et al. (2022) proposed an Ag-Au bimetallic nanocomposite (SGBMNC) with internal hot spots to construct a SERS sensing platform for PAEs detection. Compared with the traditional SERS platform without internal hotspots, Au significantly enhances the plasmonic activity by replacing Ag NPs to provide the hotspots area for SGBMNC by galvanic replacement reaction (GRR). During the GRR process, the analyte diffuses to the proposed interior hotspots, and sensitive detection can be achieved within 10 s. Zhang J. F. et al. (2022) synthesized Au@Ag@b-CD NPs with a particle size about 13 nm, and successfully modified b-CD on its surface. An efficient synthetic method for the preparation of a SERS substrate is proposed, that is, Au@Ag@b-CDNPs and analytes are self-assembled into a coffee ring pattern through the coffee ring effect. This effect can make Au@Ag@b-CD NPs and PAEs gather to the edge together to achieve concentration enrichment. In addition, the b-CD modified on the surface of Au@Ag@b-CD with core-shell structure has a cavity structure, which can adsorb the analyte into the hydrophobic cavity through host-guest recognition, so as to achieve the purpose of enriching the analyte concentration. In the process of enrichment, the concentration of the analyte surface is improved. In addition, the analyte and other substances in the analyte solution can be effectively separated in this process. SERS seems to be a promising technique to fabricate a simple and universal biosensor, but it depends on Ag, Au and Ag-Au materials. To popularize the application of SERS method in practical detection, more low-cost and high-stability materials should be designed.



2.4 Dual-mode sensor for detection of PAEs

The above-mentioned individual methods for detection of PAEs still have some challenges in ensuring the accuracy of their results. The results obtained by the dual-mode measurement method can be mutually confirmed, and the accuracy of the detection results can be effectively improved by self-correction. The bifunctional materials are required for construction of dual-mode sensors. For example, Li et al. (2019) provided an effective and selective dual-mode sensor for the detection of trace BBP by constructing β-CD stabilized Au NPs (Au NPs@β-CD) colloids in Figure 7A. As switchable Raman reporters and macromolecular binder, BBP could assemble Au NPs@β-CD into photonic clusters with various shapes. The Au NPs@β-CD cluster triggered by BBP has rich hot spots in SERS mode, so it can amplify the corresponding SERS signal, and the LOD is 1.0 × 10−8 mol/L. In CL mode, the Au NPs@β-CD cluster is used as the chromogenic substrate, and the distinguishable response of CL can be accurately quantified by UV–Vis spectroscopy. The LOD of BBP can reach 1.49 × 10−8 mol/L. In addition, the combination of FL and CL to construct a multifunctional chemical sensor is expected to be used for low-cost, accurate and simple detection of trace PAEs (Gong et al., 2017). Chen et al. (2023b) constructed a dual-mode immunoassay based on blue CDs@SiO2@MnO2 (B-CDs@SiO2@MnO2), which could simultaneously detect DEP by FL method and CL method, as show in Figure 7B. In this system, MnO2 nanosheets have oxidase-like activity. Under acidic conditions, colorless TMB can be oxidized to yellow TMB2+ and the color of the solution also changes. Moreover, the FL of B-CDs@SiO2 is quenched by MnO2 nanosheets. After the addition of ascorbic acid, MnO2 nanosheets are reduced to Mn2+, and the fluorescence of B-CDs@SiO2 is restored. The experimental results show that the results of the constructed dual-mode immunosensor have good consistency, and it can be considered that the dual-mode immunosensor is reliable for the detection of DEP. Figure 7C shows that a simple preparation method of dual-mode nanocomposites for sensitive detection of PAEs by coupling SERS and up conversion FL as signal can be proposed (Rong et al., 2021). In the sensing system based on Au NPs modified up conversion NPs (UCNPs), UCNPs are used as signal molecules, Au NPs are applied as SERS substrates, and aptamer is used as recognition tags for PAEs. The method has been successfully applied to food packaging and spiked food samples. At the same time, the EC-CL dual-mode sensor can be constructed by combining the H-Gr complex with the aptamers of DEHP for detection of DEHP (Zhang Y. et al., 2023). The principle is that the H-Gr nanocomposite has peroxidase-like activity, which can catalyze the chromogenic substrate TMB to produce a blue oxTMB in CL mode. Moreover, H-Gr can be used as an in situ probe in EC mode, and the formed DEHP-aptamer complex will reduce the EC signal of H-Gr. The strategy of dual-mode detection of DEHP proposed in this study has a wide linear range and has the potential to be applied to the detection of DEHP in water samples. Compared with the EC sensors, the PEC sensors with higher sensitivity have been used to construct a PEC-CL dual-mode sensors. For example, the MXene/In2S3/In2O3 composite material can be used to construct a PEC-CL dual-mode aptasensor for the ultra-sensitive detection of DEHP (Zhang et al., 2024). The linear range of the constructed sensor is 1.0 × 10−13 ~ 2.0 × 10−10 mol/L, and the LOD is 2.0 × 10−14 mol/L. This research provides a good prospect for the detection of PAEs by dual-mode sensors. In view of the high accuracy of dual-mode sensor, more dual-mode sensors are worth designing and developing.
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FIGURE 7
 Schematic illustration of (A) the BBP-mediated AuNPs@β-CD assembly and its dual-modal sensing of BBP (Li et al., 2019); (B) antibody labeled B-CDs@SiO2@MnO2 nanocomposite (i), dual-modal immunosensor for detection of DEP (ii) (Chen et al., 2023b) and (C) FL and SERS dual-mode sensors for detection of PAEs. Inset: upconversion emission and Raman spectral changes in spectra and photographs (Rong et al., 2021). Ultraviolet (UV), 2-morpholineethanesulfonic acid (MES), Polyethylenimine (PEI), Ascorbic acid (AA).





3 Summary and perspectives

High toxicity, wide distribution and harmfulness are the characteristics of PAEs. PAEs in the environment not only affect the growth of plants, but also accumulate in organisms and eventually enter the human body. Long-term intake of PAEs can lead to obvious depressive behavior and neurobehavioral disorders, and can increase the risk of asthma in children. In order to prevent and control the pollution of PAEs, several countries have introduced relevant limit standards in water, toys and food. The relevant limit standards of PAEs and their actual limitation of low concentration in the environment determine that it is very important to realize the sensitive detection of trace PAEs. Optical sensors have the advantages of simplicity, high selectivity, simple operation, portability and low cost, which have been applied to the detection of PAEs. Among them, CL sensors, FL sensors and SERS sensing platforms have been focused on due to their excellent detection performance, and have achieved encouraging results in the detection of PAEs. This review mainly discusses (i) the CL methods without recognition elements and the CL methods combined with aptamers and antibodies with high selectivity; (ii) the FL methods with fluorescent products or fluorescent tag; (iii) the SERS methods using Ag and Au for signal amplification, and (iv) the dual-mode methods with high accuracy. The latest research above shows that optical sensors are moving toward a broader prospect. However, due to some limitations of the optical sensor, its application in practice has not been greatly expanded. The sensitivity of CL sensors still needs to be improved. And the range of sample that detected by optical sensors has certain limitations. There is also lots of space for improvement in the portability of the detection device. The types of substances that applied by the FL sensor are very limited. The enhancement of SERS signal requires the introduction of precious metals Ag and Au, and it is necessary to find materials that can replace precious metals to reduce costs.

In the future research, the practical application of optical sensors can be expanded from the following aspects. The range of samples that detected by optical sensors should be expanded to obtain a wider range of application. More types of receptors need to be designed and explored. We can try to combine optical sensors with other transmission or storage technologies (e.g., smart phones, shared networks) to achieve real-time detection of PAEs on online platforms. It is more portable and cheaper to combine the optimized design of the optical sensors with the paper sensing system. And it can also realize the separation and simultaneous detection of multiple targets. Through programming and other technical means, the data collected by the optical sensors is processed to achieve a more convenient, fast and intuitive purpose. The optimization and development of optical sensors from the above aspects will help them consolidate their own advantages, expand their application scope, and facilitate the development of their hot fields.
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DBP CL ARG-AuNPs Label-free Turn on 00~10%10° 18x107  Liquor Yan etal. (2021)
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DEP FL R-CDs@$i0, Antibody Turn off \ 50x1077 - Chenetal.
(20230)
DBP DEP FL Eu/Sm* Antibody Turn off \ 34x107 | Theinner | Zhuetal (2019)
28x107  riversof
Zhenjiang
city
DBP FL nano-BCNOH Label-free Turn on 50%10°~25% 10 50x10¢ | Riceyellow | Luetal (2021)
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liquor,
spirits
PAEs FL AuNP-gQD/ GQDs  Aptamer Turn on 26x10~13x107  10x107 - Lim etal. (2022)
PAEs FL B, NC-dots Label-free Turn off \ 1 Drinking | Ashokan and
water, Bhunia (2023)
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water, river
water
PAEs FL Fluorescence PoPo, | Aptamer Turn off 26x1070~38x10° | 26x107" | - Kim etal. (2020)
dye
PAEs FL VMT-BiFeO; Label-free Turn on 38x107 ~4.8x10° 54x10% - Zengetal. (2017)
PAES FL BSA Label-free Turn on \ ! - Qivand Li (2018)

“\” means that the lincar range s not clearly pointed out n the corresponding work, */” means that the limit of detection is ot clarly pointed out in the corresponding work, *-” means that

the real sample is not examined in the corresponding work.
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sensor  nanomaterials  element signal (mol/L] detection
response (mol/L)
Tap water,
DEHP SERS  Ag/SiO Aptamer Turn on 80x10~18x107  800x107* | botled Tuetal. (2019)
beverages
Label-free Plastic XuH.etal.
DEHP SERS  UIO-66@AgNPs Turn off 10X107" ~1.0x 10" 3x107
particles | (2021)
DBP SERS | TAgNPS Label-free Turn on 50107 ~5.0x10° 10x107 | - Xu. etal. (2021)
BBP SERS | AuNPs Label-free Turn on \ 38x10 Liquor Liu etal. (2018)
Label-free Wang Q. etal
BBP SERS  AuNS@AgNCs Turn on \ 10x10” | Liquor o)
BBP SERS  Ag@Fe,0,@Ag/p-CD  Label-frec Turn on \ 38x10° | Liquor Zhou etal. (2019)
Laboratory | Zhang T.etal.
DMB SERS  Fe.0.@MIPs@Ag MIp Turn on L0X1070~10x10° | 42x10°
pwater | (2023)
10x10°
DMP BBP
- SERS  AuNP/PDA-MIP MIp Turn on LOX107°~10x107  10x107" | - Yang etal. (2020)
10%107
DEHP Label-free
SERS  Ag/SiO, Turn on \ 26x10% - Wuetal. (2018)
BBP DBP
Label-free Wang et al
PAEs SERS  2Dsilver plate Turn on LOX10-10x10* | Lox107 | Bdbleol |
Label-free Three
PAEs SERS  ZIF-67@AgNWs Turn on 30x107" Xuetal. (2023)
plastics
Label-free Ansah etal.
PAEs SERS  Ag-Au Turn on 36x10°~36x107  32x107 | -
(2022)
Label-free Zhang . E.etal
PAEs SERS  Au@Ageb-CD Turn on LOX10°~10x107  20x107° | - o)

“\" means that the linear range is not clearly pointed out in the corresponding work, “-” means that the real sample is not examined in the corresponding work.
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Pesticide

Dimethoate Isocarbophos Isofenphos- Coumaphos Profenofos = Carbofuran Carbaryl Isoprocarb Fenobucarb Propoxur

Methyl
Cucumber  Unspiked mean+SD (ug/L) 029001 0,080 0.23£001 020 0320 0050 0422004 0 0 0
Measured mean:+SD (ig/L) 915+ 118 843057 819£025 836025 858+0.14 8214016 864026 85+0.15 824037 783032
Recovery (%) 88.6 835 796 816 828 816 822 85 824 783
V(%) 129 676 305 299 163 195 301 176 449 409
Chinese  Unspiked meanSD (ug/L) 0.29£0.03 0.14£001 0.1£0 0.19£0.01 0.21£0.03 0050 037002 0 0 0
cabbage Measured mean +SD (pg/L) 836036 7.87+031 8.08+0.55 8.34+0.38 845027 8474025 8.63+038 8.54+031 8.16+0.49 822063
Recovery (%) 80.7 773 798 815 824 842 826 854 816 822
V(%) 431 394 681 456 32 295 44 363 6 7.66
Green Unspiked mean+SD (ug/L) 029001 1125012 0.132001 0.180.03 0.25£002 00320 03820 0 0 0
grape Measured mean +SD (jg/L) 87+034 1025£0.64 9.4£0.19 9.06+0.57 9.2£017 8.99£03 9.61£035 9.244025 93+0.23 8.76+0.47
Recovery (%) 841 913 927 888 895 896 923 924 9 876
v %) 391 624 202 629 185 334 364 271 247 537
Pomelo  Unspiked meanSD (ug/L) 0.25£0.03 00740 0,190 0.33£0.04 0.23£0.03 0320 039002 0010 0.09£0 953124
Measured mean:+SD (ig/L) 8532042 8.440.19 851£033 87£039 9.16£0.95 8.68+0.38 92048 893019 896045 19.040.59
Recovery (%) 828 837 832 87 893 836 88.1 892 887 95.1

CV (%) 492 225 388 448 1037 438 522 213 502 31
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Pesticide®

Dimethoate  Isocarbophos  Isofenphos-  Coumaphos Profenofos Carbofuran Carbaryl Isoprocarb Fenobucarb Propoxur

Methyl
Cucumber  Unspiked mean:+SD" (ug/L) 0294003 007001 0.25£0.03 02002 023£002 0.11£001 0394001 0 004£0 0
Measured mean:+SD (ig/L) 803£038 865042 9024055 907405 923405 9014058 943%053 897061 764£073 8032046
Recovery (%) 774 8558 877 887 %0 89 904 897 76 503
V(%) 473 486 61 551 542 644 562 68 955 573
Chinese  Unspiked mean:SD (ug/L) 029002 0.13£001 0.18+0.02 022002 0214002 0082001 0364005 0 00140 0
€abbage  Measured mean:£SD (ug/L) 9.18+0.41 88+062 8964031 9.04£031 9414048 9222029 942033 9.07£029 83052 8514057
Recovery (%) 889 867 878 882 92 914 904 907 829 85.1
v (%) 447 7.05 346 343 51 315 351 32 627 67
Green grape  Unspiked mean +D (ug/L) 0.26£0.02 1254009 01320 0.19£0.02 0224001 0030 036004 0 0 0
Measured mean £ SD (ig/L) 871£043 10254028 9.14204 9.35£0.49 9024046 892034 956505 911041 8385057 856£029
Recovery (%) 845 90 90.1 916 88 889 92 911 838 856
V%) 494 273 438 524 5.1 381 523 45 68 339
Pomelo  Unspiked mean+SD (ug/L) 0.29£0.03 0.1£001 0224002 0270 0.2540.04 0324001 038£002 | 015£0.02 0 8874103
Measured mean:+SD (ig/L) 924068 8.61£0.39 857£05 9.15£0.63 9.06+0.75 915016 909£07 | 892065 893016 1772214
Recovery (%) 9.1 8.1 85 888 881 883 87.1 87.7 893 885
v ) 7.39 453 583 689 8.28 175 77 7.9 179 79

“The spiked level of each pesticide is 10ug/mL; *SD, standard deviation; “CYV, coefficient of variance, which was obtained from intra-assay.
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i ul
AT o e Rat two Rat three

Titer: 1K Titer: 2K
HI-BSA inhibition rat inhibition rat
5% 32%
Titer: 16K Titer: 32K Titer: 32K
H2-BSA inhibition rate: inhibition rate: inhibition rate:
65% 63% 3%

G Immunogen: H2-LF

antigen Rat one Rat two Rat three

116K Titer: 16K Titer: 32K

HI-BSA inhibition rate: inhibition rate: inhibition rate:
19%(2) 20% 27%
Titer: 1K Titer: 1K Titer: 4K
H2BSA inhibition rate: inhibition rate: inhibition rate:
2% 25% 30%

“Titer is defined as dilution factor of antiserum with the absorbance at 450 nm being situated
at about 1.0-1.5 at coating concentration of 1 pg/mL..

“Inhibition rate was expressed as follow: inhibition (%)= [1-(B/B.)] x 100. B, was mean
absorbance of the wells in the absence of competitor.  was mean absorbance of the wels in
the presence of competitor (0.2mg/L of MG).
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Production areas s

Mizhi County, Shaani Province (SXMZ) A7AIINI10°2235"E

Longjiang County, Heilongjiang Province (HLILD) | y7e15/55N/123°12/517E.

Yinan County, Shandong Province (SDYN) 35°31'31°N/ 11872031
Daning County, Shanxi Province (SXDN) 36°2810°N/110°45°27°E
Shouyang County, Shanxi Province (SXSY) 36°4223°N/ 112°50'1E
W'an City, Hebei Province (HBWA) 36°41" 48"N/114°17 13"E,
Yu County, Hebei Province (HBYX) 404 2N/15°052E
Chaoyang City, Liaoning Province (LNCY) 41°37 51"N/120°31" 39'E.
Qingyang City, Gansu Province (GSQY) 35°4223"N/107°4231°E.
Fuxin City, Liaoning Province (LNEX) NG SYE
Chifeng City, Inner Mongolia Autonomous 42°16'5"N/ 118°57'58"E
Region (NMGCF)

Qin County, Shanxi Province (SXQX) 36°42 23"N/112°50' 1

The areas marked in bold are regions designated with PGI status.
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PLSDA (%) SVM (%) RF (%) LSTM (%)

[HEEEN NS

Train Test Train Test Train Train Test
ORI 807 773 1000 650 952 606 100 822
SNV 818 0.1 1000 506 952 606 988 80.6
MSC 930 85 1000 550 96.0 578 986 856
wr 918 926 1000 878 993 856 9.0 944

ORI represents the original data without denoising processing; SNV, MSC, and WT represent three preprocessing groups, respectively.
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Samples Electrochemical sensor HPLC

Detected (uM) Added (uM) Found (uM) Recovery Found (uM)
1 2991 70.00 99.10 99.19% 147% 9874
2 4486 70.00 11557 100.62% 232% Not tested
3 5981 70.00 130,64 100.64% 140% Not tested
4 7477 70.00 14201 98.09% 131% Not tested

5 89.72 70.00 158.88 99.47% 1.43% 15636
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Modified electrodes Linear range (M) LOD (uM) References

AA DA DA
3D-KSC/Cosu/GCE 024 1,980-6,000 14.1-100 660 46 Pengetal. (2022)
PLCO/N-CNSs" electrode 019 30-1,900 05-80 102 012 Yang et al. (2023)
GCE-Co/MoSe,/PPy@CNF 016 30-3212 12-536 632 045 Celik Cogal et al. (2024)
Ti,C/T/TiO; NWs!/GCE. 014 300-1,800 2-9and 9-33 661 0.093 Jia et al. (2024)
1GO/PPy-PE/GCE 019 800-2,100 30-1,400 012 0.071 Darabi et al. (2023)
CoMCM-CHI/GCE 031 7-105 5-110 21 17 “This work

3D-KSC/Cs's N-doped carbon nanosheets/three-dimensional porous carbon.
PLCo/N-CNSs": PtCo nanocrystals/porous N-doped carbon nanospheres.
PPY@CNF: polypyrrole hybrid-based carbon nanofiber.

TiC,T/THO; NWst: ThC,T/TiO; nanowires.

GO/PPy-Pt: reduced graphene oxide/polypyrrole-platinum nanocomposite.
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Samples Electrochemical sensor HPLC

Detected (uM) Added (uM) Found (uM) Recovery Found (uM)
1 688 70.00 7671 99.78% 0.39% 7542
2 1376 70.00 8390 100.16% 1.28% Not tested
3 2064 70.00 90.18 99.49% 215% Not tested
4 2770 70.00 9635 98.61% 173% Not tested

5 3462 70.00 10641 101.71% 204% 10335
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PEASs.

Group

Perfluoroalkyl acids (PFAAS);
including perfluoroalkylether
acids (PFEAAS)

Polyfluoroalkyl acids (PolyFAAS);
including polyfluoroalkylether
acids (PolyFEAAs)

PFAA precursors

Other PFASs

Source: OECD (2021, p. 23). *Polymeric PFASs.

N,

Perfluoroalkyl carboxylic acids

Perfluoroalkane sulfonic acids
Perfluoroalkyl phosphonic acids
Perfluoroalkyl phosphinic acids

Perfluoroalkylether carboxylic

acids

Perfluoroalkylether sulfonic acids
Perfluoroalkyl dicarbosylic acids
Perfluoroalkane disulfonic acids
Perfluoroalkane sulfinic acids
Polyfluoroalkyl carboxylic acids

Perfluoroalkylether carboxylic
acids

Perfluoroalkylether sulfonic acids
Fluorotelomer alcohols (n:1)
Perfluoroalkanoyl fluorides
Perfluoroalkyl iodides
Perfluoroalkane sulfonyl fluorides
Perfluoroalkylether non-polymers

Perfluoroalkylether side-chain

fluorinated polymers*®
Perfluoroalkenes
Semifluorinated alkanes

Hydrofluorocarbons,
Hydrofluoroethers,
Hydrofluoroolefins,

that have a perfluoroalkyl chain

Perfluoroalkyl ketones

Semi-fluorinated ketones
Perfluoroalkyl alcohols
Fluoropolymers*
Perfluoropolyethers*

Side-chain fluorinated aromatics
Perfluoroalkanes

Perfluoroalkyl-fert

Perfluoroalkylethers

Others

Acronym
PRCAS
PESAs
PEPAS
PEPIAS

PFECAs

PEESAs
PEAICAs
PEdiSAs
PESIAs
PECAs

PEECAs

PFESAs
PACEs
PEAIS

PASEs.

SFAS

HECs
HEEs
HFOs

FPs.

PEPEs

Chemical formula
CFa,1-COOH

CiFar, -SOH
CFar-POH,

(CoFans )(CoFom1)-POH

eg, C.EOCF,OCF.COOH

e.g. CFOCF,.CF,SO.H
HOOC-C,F,,-COOH
HOLS-C.f- SO
CyFa,-SO:H

eg, H-C,F,,-COOH, n>1

e, CFOCFOCHFCE.COOH

e.g., CICF,OCF,CF:SOH

CyF2 CHOH

CyFan COF

[N

CuFa SO

e, CEOCF,OCF,0CE,-CH,0H

CiFyn>2
CoFansiCoHan
€ CaFani-Coin,

CoFa OC,Hyg
+ sy, -CH=CH,

eg.

€8s Gyt C(O)CaFin.
€8s CiFan, (C(O)Caban 1

CFan OH

g, HOCH.0-(C, F:,0),-CH.,OH
g, C,Fyy, -aromatic rings
CoFanez

(CFae)N

€8 CoF20, OCuFan sy
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Perfluoroalkyl substance Acronym
Perfluorobutanoic ac PFBA
Perfluoropentanoic acid PEPeA
Perfluorohexanoic acid PFHXA
Perfluoroheptanoic acid PFHpA
Perfluorodecanoic acid PEDA
Perfluoroundecanoic acid PFURDA
Perfluorododecanoic acid PEDODA
Perfluorotridecanoic acid PFTYDA
Perfluorotetradecanoic acid PFTeDA
Perfluorobutane sulfonic acid PEBS
Perfluoropentanesulfonic acid PEPS
Perfluoroheptane sulfonic acid PFHpS
Perfluorononane sulfonic acid PENS
Perfluorodecane sulfonic acid PEDS
Perfluoroundecane sulfonic acid PEUADS
Perfluorododecane sulfonic acid PEDoDS
Perfluorotridecane sulfonic acid PFTFDS
Perfluorooctane sulphonamide FOSA

n Commission and Directorat

Source: Europe

Seneral for Health and Food Safety (2022b),
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Foodstuffs Target LOQs (ug/kg)

PFOS PFOA PFNA PFHXS

Fruits, vegetables, 0.002 0.001 0.001 0.004
starchy roots and

tubers, and food
for infants and
young children

Milk 0010 0010 0020 0040
Fish meat and 0.10 0.10 010 0.10
meat of terrestrial

animals

Eggs, crustaceans, 030 030 030 030

and mollusks

Edible offal of 050 050 050 050
terrestrial animals
and in fish oil

Source: Europe

n Commission and Directorate-General for Health and Food Safety (2022b).
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Method Type of

technology

Optical sensors

Bioassay basedon  Absorbance
oligonucleotide

modified gold (Au)

nanoparticles (NPs)

AuNPs Colorimetric detection
Molecularly Fluorescence

imprinted polymer

(MIP)-SiO,

NPs

Au-NPs 'UV-vis absorbance

Janus Green B (JGB)  Resonance light scattering

(RLS)

Surface plasmon Refractive index
resonance (SPR)-
plastic optical iber

(POF)-MIP

SPR-POF biosensor  Refractive index

Nile blue A Fluorescence

Smartphone app Smartphone camera (RGB
signal)

Covalent Organic  Fluorescence

Frameworks (COFs)-

functionalized

upconversion

nanoparticles

(UCNPs) (UCNPs@

COFs)

Carbon quantum dots  Fluorescence

(CDs)

Nitrogen doped Fluorescence

carbon dots (N-CDs)  Second-order scattering

with ethidium (s08)
bromide
ssDNA aptamer Fluorescence

Competitive Smartphone camera

molecular interaction  (capillary flow velocity)

in microfluidic chip
Electrochemical sensors
Fluorous membrane  Potentiometry
fon-selective

electrodes (ISEs)

Inhibition biocatalysis  Voltammetry
of enzymatic biofuel

cell

MIP modified TiO,
nanotube arrays

Photo-electrochemistry

MIP functionalized  Electro-

nanosheets chemiluminescence
MIP on pencil lead  Potentiometry
MIP-coated gold Voltammetry
electrode

Metal organic Impedance
framework (MOF)

capture probes

River water

Not tested in real world

samples

River water

Tap water, river water

“Tap water,river water

Water

Seawater

“Tap water, river water

“Tap water,

groundwater

‘Tap water and food

packaging materials

“Tap water, river water

“Tap water,river water

Wastewater

Effluent wastewater

Lake water

Reservoir and River water

“Tap water, river water,

‘mountain water

“Tap water,river water

Water

Drinking water

“Tap water, groundwater

Detection time
(~sample
preparation)

2days
(30min)

10min
L
10-15min

(5min)

30min
(20min)

5-10min
(15 min)
10-15min
(NS)

15min
(NS)

30min

(85min)

dual-LPE: 5 min (5min)
SPE: 3h (30min)

10min
(20-50min)

30min
(30min)
30min

(85min)

45min
(NS)

5-30min
(Omin)

2days

(5min)

20min

(5min)

3h
(5min)
20min
(30-60min)

3min
(NS)

15min

(20 min)

8h
(NS)

10pM

250uM

11140M

10pg/L

5.60M

0260M

04-0.5n0M

320M

120M (dual-
LPE)
120M (SPE)

0.15pM

18270M

27.80M

0.17uM

242pM

0.86nM

160M

0.170M

24pM

100nM (PFOA)

0.040M

1pM

Wy, M Craltog o Saclithes seculindh 2. Minkned tukiing and fclites iequied: 3, Technlel stalf and facllities soculeed.

Specificity

NS

Group selectivity for
perfluorocarboxylic acids
Selective over PFOA,
PFHxA, PFHxS, Phenol,
and

SDBS

Not selective between
perfluorinated
compounds

Selective over 8 structural
analogs

Selective over a mixture
sample containing 11
PFAS (C,-Cyy)

NS

Selective over 8 structural
analogs
Not selective over other

anionic surfactants

Selective over 6 structural

analogs

Selective over 8 structural
analogs

Highly selective over 8

structural analogs

Not selective over

structurally similar PFAS
(eg. PFHXS, PFHpA)
Selective over SDS,

Tween-20 and CTAB

Minor interference with
homologs differing in
chain length, e, PFHXS,
PFBS;

kPOt
PFOS PFHXS *
~191£00

Ko :

PFOS PFBS
319002
Selective over 4 structural
analogs, and 2 other
chemicals (SMNBS and
SDS)
Selective over 5 structural
analogs
Selective over 10
structural analogs
Selective over anionic
surfactants SDS and SDBS

Small interference effect
with DBSA, PEOA,
PEHxA, PFHxS, HFBA
and PEBS.

NS

Recovery rate  Complexity
1-3

103.4% 2
- 2
95.7-101% 2
85-115% 2
91-104% 3
NS 3
NS 3
94.2-103.4% 2
60-85% 1
103-108% 3
97.9-104.8% 2
90.15-101.44% 2
NS 2
NS 1
95.5£2.8% 3
97.3-106.5% 2
95.81-117.83% 2
96.9-103.8% 3
NS 3
82-110% 2
NS 3

PFAS
detected

PEOS

PFOA

PEOS

PECs (CF, 27)

PFOS

PEOA

PFOA
PFOS

PEOS

PFOA

PFOS

PEOS

PFOS

PFOA

PFOA

PEOS

PEOS

PEOS

PFOA

PFOA
PFOS
6:2FTS.
PEOS

PEOS

References

Xiaetal. (2011)

Takayose etal. (2012)

Fengetal. (2014)

etal. 2014)

Cheng et al. (2016)

Cennamo et al. (20182)

Cennamo et al. (2018b)

Chen etal. (2018)

Fang et al. (2018)

Lietal. (2019)

Chen etal. (2019)

Chen etal. (2020)

Park etal. (2022)

Breshears etal. (2023)

Chen etal. (2013)

Zhang et al. (2014)

Tran et al. (2014)

Chen etal. (2015)

Fang etal. (2016)

Cheng etal. (2020)





OPS/images/fsufs-07-1320931/fsufs-07-1320931-g006.jpg





OPS/images/fsufs-07-1320931/fsufs-07-1320931-t001.jpg
Spiked FIA GC-MS/MS

o) Measured Mean  Recovery (%)  CV® (%) Measured Recovery (%) CV (%)
+ SD? (ng/g) Mean + SD (ng/g)
Chinese 20 16202 818 s 185502 925 108
cabbage 100 82408 82 98 1034206 1034 58
500 57.8£47 1157 8.1 5131432 1026 62
Lettuce 20 2:02 983 13 215202 1075 93
100 12214 123 126 94721 947 106
500 566+7.1 132 126 5695439 139 69
Tangerine 20 19403 9.5 136 173202 865 116
100 119208 1y 7 11605 16 3
500 538439 1076 72 5277432 1056 61

SD, standard deviation.
'CV, coefficient of variance, which was obtained from intra-assay.
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Foodborne pathogens  Species Food category References

‘Aquatic products, dairy products, fruitand | Taylor etal. (2019), Vongkamjan et al. (2017),
Listeria monocytogenes Gram-positive bacterium
vegetable products Capita et al. (2019)
Kiimmel et al. 2016), Li etal. (2022), Argudin
S, aureus Gram-positive bacterium Dairy products, meat product, cereal product
etal. (2012)
Miles et al. (1997), Sun et al. (2016), Li LingZhi
Vibrio parahaemolyticus Gram-negative bacillus Aquatic products, ready-to-eat seasoning
etal. (2019)
Paniel and Noguer (2019), Pye et al. (2023), Han
Salmonella Gram-negative enterobacterium | Dairy products, meat product, cereal product Lo
etal. (2017
Leng etal. (2022), Munekata et al. (2020), Lima
E. coli Gram-negative brevibacterium | Meat product, fruit and vegetable products

etal. (2017)
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Foodborne

pathogens

hotoactive mat

Signal amplification
strategy

Linear ra
(CFU/m|

S, aureus
S. aureus
S. aureus
Vibrio parahacmolyticus
Vibrio parahaemolyticus

Salmonella
E. coli O157:H7

E. coli O157:H7

E. coli O157:H7

ZnS-AgsS

ZnS/CAS/ITO

FePor-TPA

Bi,WO and Ag,S
Ho'/Yb*TiO, with CdSe QDs

Au/Bi,MoOy/V,CTx

CdsS/ITO

WOJ/Bi

AuNPs/g-CN,

\
\
dual-mode detection
\
\
\

MnO; acts as an interface:

regulator
\
\

10%10' ~1.0x10°
10~4.0x10°

10x10'

10x10°
3.2x10°~3.2x10*
L0X10° ~1.0x10°

182x10° ~ 182 10°

1.0%10' ~5.0x10°

15%10° ~1.5x10*

LOX10°~1.0x 10°

56
305

Yang et al. (2020)
Yang etal. (2019)
Zheng etal. (2023)
Hou etal. (2021)
Hao etal. (2019)

Jiang et al. (2024)
Yang etal. (2020)

Zhao etal. (2024)

Chen etal. (2024)
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S. aureus
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biocatalytic precipitation

Centers for Disease Control and Prevention
conduction band

covalent-organic polymer
covalent-organic framework

colourimetric

Escherichia coli

electrochemical

fluorescent

hybridisation chain reaction

Indium tin oxide

limit of detection

Nitrogen-doped graphene quantum dots

near-infrared
nanocluster

photoelectrochemical

Porphyrin-Based Porous Organic Polymer
quantum dots

rolling circle amplification

Reduced Graphene Oxide

Staphylococus aureus

Surface-enhanced Raman scatting
tetramethylbenzidine
1,3,5-tris(4-aminophenyl)-benzene

2,4,6-Tris(4-aminophenyl)-1,3,5.

Tiazine
24,6-trihydroxy-1,3,5-benzenetricarbaldehyde
ultraviolet-visible

up-converting nanophosphors

valence band

4-chloro-1-naphthol
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